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Abstract 
 
Hybrid power systems include both renewable and traditional energy. In China, some 
rural areas not connected to the grid are more suitable for isolated hybrid power systems 
than grid extension, because of lack of roads and infrastructures. Government’s policies 
have largely boosted the development of renewable energy, making the hybrid power 
system more affordable for those areas. 
  
In this research, the system is firstly sized for optimum net present cost using HOMER 
according to given weather data and generated hourly load data. Then, the transient 
stability of the designed system is checked through the dynamic modeling and 
simulation in Simulink based on each component’s dynamic equations and control 
system. Designed control systems, which keep the stable operation of the designed 
system, include a supervisory controller, MPPT (Maximum Power Point Tracker), 
inverter controller and so on. Due to nonlinear and time variant load, the controller of 
the DC voltage regulator is designed based on a robust control method. A data logger 
with web transfer is then designed to monitor an isolated PV system. Sensor data are 
collected by Arduino boards and transferred to Thingspeak web server by the python 
program on PC. The collected data is downloaded and analyzed on MATLAB to analyze 
the system operation. Therefore, this thesis presents system sizing, dynamic modeling 
and its simulation results, a data logging system with data visualization on a web server 
and lab test results. 
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Chapter 1  
Introduction and Literature Review 
 
1.1 Development of an Isolated Hybrid Power System in China 
 
According to Manwell et al. [1], hybrid power systems include traditional generation 
and at least one renewable generation. There are grid-connected and isolated hybrid 
power systems, which are connected and disconnected to power grids respectively. 
Since feed-in tariff is not allowed for individual residences in China, the grid-connected 
systems cannot supply excessive power to the grid and get profits [4]. Thus, only the 
literature for isolated hybrid power systems in China is presented.   
 
In remote areas, diesel generators are the primary or only power source, which requires 
continuous diesel supply all the time [1]. The difficult transportation in these areas also 
increases the cost of grid extension. The diesel consumption results in the air pollution 
and substantial financial burdens to purchase, transport and store of the diesel in these 
areas. Therefore, hybrid power systems including only renewable energies or both 
diesel and renewable energy are designed for these areas to minimize diesel 
consumption or substitute for grid extension [1]. Compared to renewable hybrid power 
systems, the hybrid power systems based on diesel energy can supply the remote 
communities more reliably because of diesel energy for backup. 
 
Currently, only isolated renewable hybrid power systems for the houses in urban areas 
are studied in China, like the wind/solar/battery hybrid power system for a house in 
Urumqi [2]. The designed system can adequately supply the load throughout the 
simulation, but it does not consider the negative environmental effects (turbulences and 
shades) that can decrease renewable generations in urban areas [3]. Because there is no 
diesel generator for backup, this system could fail to supply the load when the battery 
storage is used up during long-time undesired weather conditions. Fangqiu Xu et al. 
designed an off-grid wind power farm with battery storage for a remote community in 
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Heibei Province in China [5]. The authors optimized the system with the goals to 
maximize annual profit and minimize wind power curtailment. This research shows a 
profitable and reliable isolated renewable hybrid power system for a rural community 
in China. Currently, some Chinese companies are producing isolated renewable hybrid 
power systems (figure 1.1) and export them to foreign countries. However, most 
systems are not diesel based and thus could fail during long-time undesired climate. 
 
Figure 1.1 Isolated Hybrid Power System Produced in China [6]  
 
1.2 Development of Traditional Energy in China 
 
Traditional energy, such as crude oil, natural gas, and coal, is still the main power source 
in China, in which coal takes 62% energy consumption in 2016 [7]. Because China 
takes 23.2% global energy consumption, the intensive coal consumption can result in 
severe air pollution both in China and the whole earth [7]. Thus, Chinese government 
formatted laws and policies to ensure the efficiency of traditional energy and limit their 
greenhouse gas emission, such as Law on Electric Power, Law on the Coal industry and 
so on [7]. This can increase the investment of coal production and environmental 
management, which combined with the decreasing storage of coal can further increase 
the price of coal and make renewable energy more attractive in China in the future [3].  
 
1.3 Development of Renewable Energy in China 
 
Although Chinese renewable energy resources are not the most abundant, the 
development of renewable energy in China is the fastest in the world [4]. This is because 
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of the supportive government policies, such as reductions in sales, energy and VAT 
taxes and so on [4]. These policies increase the demand and production of renewable 
generation devices and decrease the cost of renewable energy devices. The costs of 
renewable energy, therefore, keep decreasing in recent years. In 2016, the maximum 
levelized costs of on-shore-wind and solar energies were 0.155 USD/kWh and 0.07 
USD/kWh respectively in China [4]. This helps renewable energy becoming more 
affordable for people living in rural areas in China.  
 
1.4 System Sizing for Hybrid Power System 
 
System sizing aims to design a reliable and economically reliable system based on local 
weather data and hourly load data. The optimum design aims to minimize the Present 
Net Cost and Levelized Cost of energy [9]. By now there are many software programs 
for this purpose, such as SAM, HOMER, RAP-SIM and so on, in which the optimum 
sizing results come out instantly after designing system and entering data [9]. 
According to Lose´ and Rodolfo [9], SAM is specifically designed for economic 
analysis and cannot design hybrid power systems, RAP-SIM has more design functions 
(even dynamic simulation) but needs to be paid, HOMER is free and functional and 
more widely used. HOMER determines the economically optimum design and checks 
the pre-feasibility of the system according to users’ requirements and entered data [9]. 
This is completed in the user interface shown in figure 1.2, in which sensitivity analysis 
can also be included, to make the system design more practical [10].  
 
Figure 1.2 User Interface in HOMER  
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1.5 Dynamic Modeling and Simulation of Hybrid Power System 
 
Dynamic modeling and simulation check the transient dynamics of the designed system 
under possible inputs and disturbance in reality. The dynamic model of a hybrid system 
consists of the dynamic model based on each component’s mathematic equations and 
the control systems that are designed to stabilize the whole system [1]. The detailed 
literature review for these two parts is shown in section 1.5.1 and 1.5.2 below.  
 
1.5.1 Dynamic Model of Hybrid Power System 
1.5.1.1 Dynamic Model of Wind Turbine 
A wind turbine transforms the kinetic power of the wind into mechanical power by its 
rotor and blades, this mechanical power is then sent to its generator by its drive train, 
and the generator transforms the mechanical power into electrical power [11]. The 
model in [1] considers all three processes above. In comparison, the model developed 
by Khan et al. [12] simplifies the first two process by digitalizing its wind power curve 
from the manufacturer into the Simulink model, which largely saves simulation time. 
Such a model is suitable to describe the dynamics of small wind turbines without pitch 
control [1]. For large turbines with pitch control, the model from [13] is more suitable, 
which includes a detailed aerodynamic model of large wind turbines. This enables the 
pitch control of the wind turbines. The pitch control turns the pitch angle of a blade by 
a pitch actuator, which can be described by the 1st order system in [14]. The generators 
in small turbines and large turbines are permanent magnet generators and induction 
generators respectively, which are represented by a 2nd order transfer function in [12] 
and eleven algebraic & differential equations in [13]. Thus, the wind turbine needs to 
be carefully checked before modeling, to prevent large simulation error.    
 
1.5.1.2 Dynamic Model of PV Panel 
One PV panel consists of many solar cells connected in series. Each cell is a photons 
sensitive semiconductor. When the photons in lights land on a solar cell, the energy of 
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these photons dislodges electrons of the semiconductor to the external circuit, which 
then forms the electrical current through the load [3]. The equivalent circuit of a solar 
cell is shown in figure 1.3. 
 
Figure 1.3 Equivalent Circuit of Solar Cell 
 
Figure 1.3 shows that the load current (I) is solved by subtracting the photovoltaic 
current (ISC) with the dark current (Id) and current on the shunt resistor (Rsh). The load 
voltage (V) is decided by the resistance value of the load. This dynamic can be 
described by the simplified equations in [15]. However, this model neglects the 
temperature effect on its output voltage, which can lead to large simulation error. In the 
solar cell model from [13], this effect is described by the voltage-temperature 
coefficient, which can increase the simulation accuracy. More detailed and accurate 
dynamic models of a solar cell developed in [16, 17] are specifically designed to 
research its specific physic dynamics and calculate its shunt and series resistance 
respectively. 
 
1.5.1.3 Dynamic Model of Lead Acid Battery  
Lead acid batteries are widely used as backup energy in current power systems because 
of their low price and stable performance. The voltage of a lead acid battery is 
proportional to its capacity during charging or discharging [1]. To accurately describe 
the dynamics of lead acid batteries, both the dynamics of battery capacity and battery 
voltage needs to be modeled [1]. The dynamic of the battery capacity is described by 
using available charge and the charge released at speed proportional to the rate constant, 
and the dynamic of the battery voltage is described by the relation between the internal 
I 
V 
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voltage and battery capacity [1]. However, the parameter-ratio of available charge 
capacity to total capacity must be derived from manufacture or lab test, which increases 
the modeling time of the battery [18]. In comparison, the model from [13] describes all 
dynamics above by only two equations without deriving any parameter by designers, 
which largely simplifies the modeling process.      
 
1.5.1.4 Dynamic Model of Diesel Generator 
To research the dynamics of the wind-diesel hybrid power system, Theubou et al. [19] 
build a 3rd order state space model of the diesel generator by integrating the state space 
models of the prime mover, autonomous voltage regulator, and synchronous generator. 
The model is then tested under various eigenvalues in the situation of load rejection and 
shows excellent performances to keep stable operation. The model proposed by Hasan 
Asif [20], describes the dynamic of a diesel generator by a 1st order model with a 1st 
order frequency regulator. This model largely simplifies the global model of a hybrid 
power system and thus can be used to predict future performance. These two models 
are designed for AC diesel generator in AC coupled hybrid power systems. For a DC 
alternator in a DC coupled hybrid power system, the dynamic model in [13] can 
accurately describe its dynamics by only two 1st order equations with a few parameters. 
Its control system is a PID torque controller without considering voltage variation.  
 
1.5.1.5 Dynamic Model of DC Voltage Regulator 
DC/DC boost converters are widely used to stabilize the DC voltage in hybrid power 
systems [21]. It both boosts up and stabilizes the DC bus voltage by its switching 
operation. Rick [22] derives the dynamic model of a boost converter by using partial 
derivatives on its state space model. This model can accurately describe its dynamics 
when a load of a boost converter is linear [22]. The values of the inductor and capacitor 
in the boost converter should be carefully chosen according to the procedure in [22], to 
avoid unsteady operation near maximum load supply. Ya-Xiong Wang et al. [23] 
describes the off-on operation of the switching device by using 1s and 0s in his boost 
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converter model. Compared to [22], this model is closer to the real operation of a boost 
converter and can be applied in its nonlinear controller design such as the slide-mode 
controller design in [23]. 
 
1.5.1.6 Dynamic Model of Single-Phase Inverter 
Currently, the widely used single-phase inverter is the full-bridge inverter, due to its 
high efficiency in high power applications [24]. El-Sharkh et al. [40] build a simple 
model for the full-bridge inverter, which only includes one algebraic equation for output 
voltage and another for output power. This model cannot describe the switching 
operation of the inverter, which is the main reason for the deformation of its output 
voltage. Xiao Liu et al. [25] and Yanbo Che et al. [26] develop inverter models by using 
the generalized average method, which represents the instantaneous variables in the 
state space model with their quasi-Fourier representation. These two models can 
therefore accurately represent the switching operation of the inverter. Compared to the 
model in [26], the one developed by Xiao Liu et al. [25] can more accurately represent 
the ripple-magnitude variation by using sideband components. 
 
1.5.2 Control System for Hybrid Power System 
1.5.2.1 Supervisory Controller 
The control systems in [11, 27] both include a supervisory controller, which manage 
the balance among the power generation, energy storage and load. Once the generated 
power is lower than the load power, the backup generator will be switched on to charge 
the energy storage and supply the load; otherwise, the backup generator will be 
switched off. The system can thus stably supply the load and prevent the energy storage 
from overdischarging and overcharging. In comparison, the supervisory controller in 
[11] is on-off control. This is easier to be implemented than the one in [27], which has 
a complicated process to calculate reference values to control its energy storage, backup 
generator, dump load and so on.  
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1.5.2.2 Controllers for Wind Turbine and PV Array 
According to [11], there are two different PID controllers (shown in figure 1.4). One is 
a torque controller that controls the output power of the generator, and another is a pitch 
controller that maximizes the output power through pitch control. 
 
 
Figure 1.4 Control System of Wind Turbine 
 
In order to maximize the power output of a PV array, Milana et al. designed a CP&O 
(current perturbation and observation method) controlled MPPT to reach the maximum 
output power of a PV array, which is realized by periodically adjusting the output 
current of the PV array [11]. Voltage P&O method, however, is more widely applied in 
reality [28]. It adjusts the output voltage of a PV array by periodically increasing 
(decreasing) the output current of a PV array, based on the change of its output power 
in each step (figure 1.5) [28].  
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Figure 1.5 Flow Chart of Voltage P&O Method 
 
However, the constant step size of the duty ratio leads to the power oscillation around 
maximum power in P&O controlled MPPT [28]. This can be overcome by the 
incremental conductance method that uses the induction of output power to decide the 
step size the duty ratio, which is shown in the red circle in figure 1.6 below [29]. 
 
Figure 1.6 Flow Chart of Incremental Conductance Method 
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As it is shown in figure 1.6, the duty ratio is increased when the inductance is positive, 
the duty ratio is decreased when the inductance is negative, and the absolute value of 
the inductance decides the duty ratio’s step size [29]. The step size is close to zero when 
the power is near to the maximum power, and larger than zero when the power is much 
less [29]. 
 
1.5.2.3 Controller for Single Phase Inverter 
For users who need low power quality, a Proportion Integration (PI) voltage controller 
is enough to control the inverter output voltage. This method compares the inverter 
output voltage with the standard reference sinewave and sends the error signal to the PI 
controller, which then outputs the control signal to modulate the inverter [24]. As the 
power-quality requirement of electrical appliances keeps increasing, this controller is 
no longer enough. According to Zhaoan Wang et al. [24], control methods, such as 
hysterical comparison method, timing comparison method and triangular-wave 
comparison method are developed to control an inverter. Only hysterical comparison 
method can realize closed-loop voltage tracking and decrease waveform deformation 
at the same time [24]. This method decreases the switching frequency when the output 
voltage is larger than 𝑉𝑟𝑒𝑓 + ∆𝑉, and increases the frequency when the voltage is less 
than 𝑉𝑟𝑒𝑓 − ∆𝑉  [24]. This increases the high frequency harmonics of the output 
voltage, and requires an additional lowpass filter after the inverter [24]. The above 
control methods have poor transient performance at transient load transitions [30]. 
According to Dong Dong et al. [30], an addition inner current loop and voltage 
resonance controller are required in the control system to stabilize the inverter output 
voltage under transient load transition.  
 
1.5.2.4 Controller for DC Voltage Regulator 
Typically, the load of the DC voltage regulator is a linear load with small variation. The 
dynamics of the regulator can then be accurately described by the control-voltage 
transfer function in [31], and build a well performed PID voltage controller based on 
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that model. However, in hybrid power systems the load is nonlinear and time variant, 
which leads to poor performances of the PID voltage controller. Time-delayed control, 
one of the robust control methods, is a good option to deal with nonlinear time variant 
dynamics [32]. According to Ya-Xiong Wang et al. [23], the time-delayed control shows 
simple design processes and better performances to control a DC/DC boost converter 
than the PID voltage control, slide-mode control, and model predictive control. The 
fuzzy logic control of a boost converter designed by Nik Ismail et al. [32] shows an 
even simpler design process, which only needs the general knowledge of the converter 
without building the detailed mathematic model.  
 
1.6 System Monitoring for Isolated Hybrid Power System 
 
For an isolated hybrid power system, it is necessary to monitor the operation of the 
system when its users are away from the location. Hegazy et al. [33] and Francisco et 
al. [34] use a data-acquisition device and PLC (Programmable Logic Controller) 
respectively as the data loggers. The sensors in a hybrid power system such as 
temperature sensors, current sensors, and voltage sensors, are far away from each other. 
If they are connected by cables, the system could easily become disordered increasing 
the difficulty of its maintenance [35].   
 
Farid Touati et al. [35] solve the problem by using XBee, which is a wireless network 
protocol. Although the power consumption of XBee is pretty low [36], the transmission 
range of XBee is less than 100m, which is much smaller than Lora and radio frequency 
transmission. According to Terashimila et al. [37], Lora or radio frequency is a good 
option, which can achieve reliable communication within 5km and 1km respectively.  
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1.7 Thesis Objectives 
 
This literature review failed to find any design of hybrid power systems for a remote 
home in China. Detailed system design and system information are missing in the 
literature. The detailed information of the data logging system, robust web transfer and 
data visualization for an isolated hybrid power system are also not found in the literature. 
Thus, this thesis designs and presents an isolated hybrid power system, which includes 
system sizing, dynamic modeling and simulation and the design of the data logging 
system, for a remote house in China. The objectives of the research are listed as follows: 
 
a) Design a reliable hybrid power system for a remote location in China based on the 
weather data, load data and building architecture of that location. Size the designed 
system for the final optimum design with high renewable penetration and minimum 
system cost. 
   
b) Build a dynamic model of the final sized system in Simulink, and develop a control 
system, which includes both individual controllers and the global supervisory controller, 
to keep the system model operating as it is designed. 
 
c) Simulate the designed dynamic model under the extreme conditions that would 
happen in real-time operation, and analyze the transient dynamics of the system based 
on the simulation results. 
 
d) Design a low-cost data logging system for an isolated power system with wireless 
communication among sensors. Develop a robust data transfer that sends sensor data 
from data loggers to a web server that can visualize and monitor the system operation 
when the users are away from the location. Analyze the collected data to check the 
system operation during the test. 
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1.8 Thesis Organization 
 
Chapter 1 is the introduction of a hybrid power system, the development of renewable 
energy in China, project background, and literature review of previous studies. Chapter 
2 presents the process of system sizing, including weather data collection, load data 
generation in BEopt and system optimization in HOMER. Chapter 3 describes the 
dynamic modeling of the hybrid power system based on the sizing result in chapter 2. 
Time-delayed controller for the DC voltage regulator to stabilize the inverter input 
voltage is also presented. Chapter 4 talks about the hardware and program of the data 
logging system of a PV system. The data analysis of the collected sensor data in 
MATLAB is also presented at the end of this chapter. The reference section contains all 
sources of information including the literature review. Codes and other related material 
are directly shown in the pictures and tables from chapter 2 to chapter 4. 
 
 
 
 
 
 
 
 
 
 
 
 
14 
 
Chapter 2  
System Sizing 
 
2.1 Introduction 
 
In some rural areas in the northwest of China, people are suffering from large voltage 
drop due to the distance from the grid. Recently, the price of solar and wind energy has 
declined drastically in China due to the government policy of renewable energy. The 
price of solar panels is also declining very fast. Shortly isolated hybrid power systems 
could be very affordable by the users who live in those areas (where net metering is not 
allowed). Before it becomes a reality, it is necessary to size a system based on local 
load data and weather condition. The processes of system sizing include weather data 
collection, load simulation, and system sizing. This chapter will first introduce the 
current development of renewable energy in China, then go through those processes in 
detail. 
 
2.2 Pre-Feasibility Study of Hybrid Power System  
 
In some rural areas in Qinghai province, which is located in northwestern China, people 
suffer from the voltage drop over 5% of the rated voltage due to long-distance power 
transmission. Therefore, their power quality and stability are not maintained as a high 
degree as urban areas. Furthermore, the maintenance of the power supply system is both 
costly and time-consuming for power companies because of the poor transportation in 
these rural areas. Independent renewable power generation is a good alternative when 
there are abundant renewable energy resources and affordable devices in these areas. 
Because of the high altitude, there are abundant renewable energy resources in this 
province, which is shown in figure 2.1 and 2.2 below. 
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Figure 2.1 Annual Average Wind Power Density Distribution in China (W/m2) [38] 
 
 
Figure 2.2 Annual Solar Energy Resource Distribution in China (MJ/m2.year) [39] 
Annual Average Wind Power Density Distribution (W/m2) 
Annual Solar Energy Resource Distribution (MJ/m2.year) 
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Figure 2.1 and figure 2.2 show that the annual average wind power density and annual 
solar resource of Qinghai province (enclosed by red lines) are about 100-200 W/m2 and 
5000 MJ/m2.year respectively. This means a great potential for renewable generation in 
Qinghai Province. Besides that, government policies, like Reductions in Sales and 
Energy and VAT Taxes, also play an important role in developing renewable energy [4]. 
In 2016 the installed renewable energy in China took the largest part of the world, which 
can be seen from figure 2.3 below. This decreases the price of renewable energy. The 
levelized cost of solar and onshore-wind power are 0.075-0.155 USD/kWh and 0.05-
0.07 USD/kWh respectively in China [4]. If the government policies kept in place, the 
price of solar and wind power will continue to decrease, which could make the isolated 
renewable energy system affordable for this area.  
 
Figure 2.3 Renewable Power Capacity Comparison [4] 
 
However, the economy of the system must be based on its reliability to supply the load. 
Before checking the reliability of the system, it is necessary to collect the weather data 
and generate load data based on the location of the system and the building architecture 
of the location. 
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2.3 Site Location, Renewable Energy Resource, and Load Data Generation 
2.3.1 Site Location 
The site is located at a remote area in Qinghai province, and its coordination is 37º50’N, 
101º58’E. The building (enclosed in the red rectangular) and peripheral topography of 
the location are shown in figure 2.4 below.  
 
Figure 2.4 Building Architecture and Topography around Site 
 
It can be seen from figure 2.4 that there is no obstacle around the site, which means that 
there are little turbulence and shade for wind turbines and PV arrays. More power could 
be therefore harvested from wind and solar energy resources.  
 
2.3.2 Climate Data of Selected Location 
The renewable resources are the power sources of renewable power generation. Wind 
speed and solar radiations are the power sources of wind turbines and PV arrays. 
Monthly average values of wind speed and daily solar energy are provided in figure 2.5 
and 2.7 respectively. Since the ambient temperature is disproportional to the power 
output of the PV array, the monthly average ambient temperature is provided in figure 
2.8. Except for the temperature data collected from [40], these weather data are 
automatically collected in HOMER software by inputting the coordination of the 
selected location. 
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Figure 2.5 Monthly Average Wind Speed 
 
Figure 2.5 shows that the distribution of the wind speed is stable over the year, which 
means the stable power output of wind turbines in this location. According to the 
duration curve of the wind speed in figure 2.6, the hours when the wind speed exceeds 
3m/s are more than 6000 hours. This means that the annual effective wind power 
density of the location is larger than 200W/m2, so this location is suitable for wind 
power generation [41].  
 
Figure 2.6 Duration Curve of Wind Speed 
 
 
Figure 2.7 Monthly Average Daily Solar Radiation 
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Figure 2.7 shows that the solar radiation in summer, late spring and early autumn is 
higher. This is because the angle between solar radiation and the horizontal surface is 
closer to 90° when it is around summer. The solar radiation travels a shorter distance to 
reach the earth surface, and less radiation gets diffused. The average daily solar 
irradiance is 4.51kWh/m2.day, which means a large amount of solar energy resource in 
this location. 
 
Figure 2.8 Monthly Average Ambient Temperature  
 
Figure 2.8 shows that the temperature of the location changes along with solar radiation. 
The monthly average temperature reaches its maximum value (14℃) in the middle of 
the summer. The annual average temperature is 2.33℃. This low temperature helps 
increase the output power of the PV array, because of the disproportion relationship 
between the temperature and PV output power.  
 
2.3.3 Prime Load Data Generation 
Since hourly load data cannot be provided by Chinese power companies, the specific 
software is used to generate the hourly load, such as Energy3D and BEopt. Thermal 
loads (cooling and heating) take the largest part of the total load. BEopt is more suitable 
for the precise load generation of the house since it has the weather data of the location 
and the options for insulation materials. The parameters of the house model in BEopt 
are shown in table 2.1 below. 
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Options Value 
R Value of Walls 0.43 h-ft2-R/Btu 
R Value of Ceiling & Roof 4.4 h-ft2-R/Btu 
R Value of Windows 2.63 h-ft2-R/Btu 
Window Areas 207 ft2 
R Value of Door 2.08 h-ft2-R/Btu 
Door Areas 20 ft2 
Foundation & Floors 2.08 h-ft2-R/Btu 
Exterior Wall Mass 0.42 Btu/F-ft2 
Partition Wall Mass 0.42 Btu/F-ft2 
Ceiling Mass 0.42 Btu/F-ft2 
Internal Shading 0.7 
Ventilation  Natural Ventilation 7 days/Week 
Room Air Conditioner  8.5 Btu/W-h 
Electricity Baseboard Efficiency 100% 
Cooling Setpoint 77F 
Heating Setpoint 63F 
Water Heating Setpoint  125F 
Hot Water Distribution Copper, Uninsulated  
Lighting  100% LED 
Refrigerator Energy Consumption 718 kWh/year 
Cooking Energy Consumption 500 kWh/year 
Dishwasher Energy Consumption 111 kWh/year 
Clothes Washer Energy Consumption 42.9 kWh/year 
Dryer Energy Factor 3.1 lb/kWh 
Plug Loads 2152 kWh/year 
Table 2.1 Parameters of House Model in BEopt 
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The house model in BEopt based on the architecture in figure 2.4 is the typical 
architecture in the selected area, which is shown in figure 2.9 below. The resulted 
annual hourly load data is shown in figure 2.10. 
 
Figure 2.9 Building Model in BEopt 
 
Figure 2.10 Annual Hourly Load Data in BEopt 
According to figure 2.10, the load is the lower in summer and higher in winter. During 
summer, although the monthly average temperature is the highest among the year, its 
value is below 14℃. The cooling demand of the site is thus lower in summer. In 
comparison, the temperature in winter is around -10℃. The heating demand of the 
location, therefore, is very high and results in a higher hourly load in winter. The 
maximum load power is 12.8kW, and the annual average hourly load power is 2.73kW.  
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2.3.4 Deferrable Load Data 
The input data include not only the weather and load data discussed above but 
deferrable load data. This deferrable load data represents the water-pumping load since 
it can be substituted by human-power lifting. The power needed for water pumping is 
calculated based on the equations below [42]: 
𝐻𝑑𝑦𝑛𝑎𝑚𝑖𝑐 = 𝑉𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝐿𝑖𝑓𝑡 + 𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝐿𝑜𝑠𝑠 + 𝑇𝑎𝑛𝑘 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒              (2.1) 
𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑆𝑜𝑙𝑎𝑟 𝑃𝑜𝑤𝑒𝑟 =
𝜌𝑚𝑔𝐻𝑑𝑦𝑛𝑎𝑚𝑖𝑐
0.7𝜂𝑃𝑉𝜂𝑚𝑝𝑝𝑡𝜂𝐵𝐵𝜂𝑃𝑀
                              (2.2) 
Where 𝐻𝑑𝑦𝑛𝑎𝑚𝑖𝑐  is the dynamic head of the water pump, 𝜌 is the density of the water, 
𝑚 is the weight of the water, 𝜂𝑃𝑉 is the efficiency of the PV array, 𝜂𝑚𝑝𝑝𝑡  is the 
efficiency of the MPPT, 𝜂𝐵𝐵 is the efficiency of the battery storage, 𝜂𝑃𝑀 is the 
efficiency of the pump motor.  
 
The resulted monthly data of the deferrable load is shown in figure 2.11 below. 
 
Figure 2.11 Monthly Deferrable Load 
 
2.4 System Sizing 
 
The system sizing is done through HOMER 2.68. This software is used for power 
system design, system sizing, and system economy check. The whole process is 
discussed in the sections below.  
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2.4.1 System Configuration 
The initial system design in HOMER is a DC coupled system, which is easier to control 
and more robust than AC coupled systems. The initial system includes wind turbines, 
PV panels, a diesel generator, inverter, battery storage, and AC load. The wind turbine 
and PV array transfer the wind and solar energy resource into electrical power. The 
electrical power is then supplied to the battery storage and load. 
 
The diesel generator generates power when the power generated by the PV array and 
wind turbine cannot supply the load. The loads include the AC primary load and 
deferrable load, representing the energy for normal daily use and water pumping. The 
system configuration is shown in figure 2.12 below. 
 
Figure 2.12 Initial Hybrid Power System Design 
 
2.4.2 System Sizing 
System Sizing is automatically done by HOMER after giving all required data and 
initial system design. HOMER checks the system whether it can supply the load in each 
hour of the year. HOMER then compares the economics of all capable hybrid power 
systems and lists them in the order of economics. The final system sizing result is shown 
in figure 2.13 below. 
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Figure 2.13 System Sizing Result 
 
The result shows that the 1st and 8th systems are the two most economical systems, and 
the 1st one is more economical. Figure 2.10 shows that the load is much higher than in 
winter, early spring and late autumn. Figure 2.5 shows the wind speed in winter, late 
autumn, and early spring. In comparison figure 2.7 shows the solar irradiance is lower 
during the same period. According to figure 2.12, the diesel consumption of the 8th 
system is 1227L less than that of the 1st system, and the renewable fraction of the 8th 
system is 11% more than the 1st system. However, the excessive electricity of 8th system 
is 2546kWh more than the 1st system. This excessive energy should be fully decreased, 
due to its thermal damage to the devices. Besides, the additional wind turbine increases 
system initial capital and maintenance fees. Therefore, the 1st system is chosen because 
of better economics and less excess electricity than the 8th system. According to figure 
2.14, the payback time of the system is 25 years, and its annual operation cost is 10187 
CAD. This system, therefore, could be affordable for the users in this area in the future. 
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Figure 2.14 Cash Flow of Selected System Design 
 
 
2.4.3 Details of Selected System 
In the selected system the DC electricity generated by the PV array and DC generator 
charges the battery storage and then supplies the AC load through the DC to AC inverter. 
The detailed description of each component is shown below.  
 
 
2.4.3.1 PV Array 
The PV array consists of 22 strings connected in parallel. Each string consists of 2 PV 
modules connected in series. The detailed parameters of each PV module are shown in 
table 2.2 below.  
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Parameter Value 
Model Number CHSM6612P 310Wp 
Rated Output Power at STC 0.31 kW 
Short-Circuit Current (Isc) 8.99 A 
Open-Circuit Voltage (VOC) 45.42 V 
Output Voltage at Maximum Power  35.8 V 
Output Current at Maximum Power 8.68 A 
Rated Efficiency at STC  16 % 
Temperature Coefficient of ISC  -0.311 %/℃ 
Temperature Coefficient of VOC 0.050%/℃ 
Number of Modules 44 
Azimuth 0° 
Price 306 CAD 
Table 2.2 Detailed Parameters of Single PV Module 
The rated output voltage of the PV array is 72V, which effectively charges the 48V 
battery storage. The rated output power of the PV array is 13.64kW. The slope angle of 
the PV array is 37.833° (latitude of the location) for maximum solar radiation. 
 
2.4.3.2 DC Diesel Generator 
The detailed parameters of DC diesel generator are listed in table 2.3 below. 
Parameter Value 
Model Number PDC-8080VP-20 
Rated Output Power  8 kW 
Output Voltage  24~144 V 
Engine RPM 2900 rpm @ 8kW 
Efficiency 94% 
Price 2400 CAD 
Table 2.3 Detailed Parameters of Diesel Generator 
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Similar to the PV array, the rated output voltage of the diesel generator is 1.5 times the 
nominal voltage of battery storage (shown in table 2.3) to charge the battery storage 
effectively. 
 
 
 
2.4.3.3 Battery Storage 
The nominal voltage and capacity of the battery storage are 48V and 1000Ah 
respectively. The battery storage consists of five strings of batteries. Each string consists 
of four batteries connected in series. The detailed data of a single battery is shown in 
table 2.4 below. 
Parameter Value 
Nominal Capacity 200 Ah 
Nominal Voltage 12 V 
Round Trip Efficiency 80 % 
Minimum State of Charge 40 % 
Maximum Charge Current 60 A 
Price 400 CAD 
Table 2.4 Parameters of Single Battery 
 
 
 
2.4.3.4 Inverter 
Because the peak load is 12.88kW, the rated capacity of the converter should be no less 
than 1.2 times of the peak load for enough redundancy. The detailed parameters of the 
inverter are shown in table 2.5 below. 
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Parameter Value 
Model Number GW Plus 10K 
Input DC Voltage 40~60 VDC 
Output AC Voltage 220 VAC 
Output Frequency 50/60 Hz 
Rated Output Power 15 kW 
Rated Output Current 68 A 
Out Type Single Phase 
Wave Pure Sine Wave 
Efficiency ≥ 93% 
Waveform Distortion (Linear Load) ≤ 3% 
Power Factor 0.8 
Price 1068 CAD 
Table 2.5 Parameters of DC/AC inverter 
 
2.4.3.5 Accessories 
The details of other accessories in the hybrid power system are shown in table 2.6 below. 
Component Model Name Price 
Battery Chest Box Sunwize Enclosure 2*8D Batteries 1174.5 CAD × 1 
AC Lightning Arrestor  Delta LA301 40.732 CAD × 1 
DC Lighting Arrestor Delta LA302DC 54.4 CAD × 1 
Grounding and Wiring 
Accessories 
GENSR-2HOLES-LN 
4.66 CAD/piece 
× 50 
Battery Connect Cables 2/0 13"BC-BLK 
22.08 CAD/inch 
× 300  
DC Circuit Breaker NMCB07 
74.8 CAD/piece 
× 1  
Table 2.6 Details of Accessories 
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2.5 Conclusion 
 
Because of the fast development of renewable energy in China and abundant renewable 
resource in the selected area, the hybrid power system including renewable and 
traditional power is a viable alternative. Because net metering is not allowed, only the 
isolated hybrid power system is considered. To achieve an available and economic 
system design, the system sizing is done in HOMER. Before that, the weather, 
components specification and annual hourly load data are required. Compared to the 
weather and components specification data, annual hourly load data is generated in 
BEopt by inputting collected weather data and building architecture. Finally, an 
affordable isolated hybrid power system including both solar and diesel power is 
designed. This means that the isolated hybrid power system is both economical and 
reliable for the residence in this area.  
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Chapter 3 
Dynamic Modeling and Simulation of Hybrid Power System 
 
3.1 Introduction 
 
In chapter 2 HOMER is used to design system sketch, check hourly energy balance and 
size system component based on the provided data of the load, weather, and component. 
The transient system stability under the short-time disturbances in weather and load is 
checked by dynamic simulation in Simulink. For system simplification, the hybrid 
power system is switched to a DC coupled system, in which the diesel generator is a 
DC diesel generator. For system stability, the designed controllers include the 
Maximum Power Point Tracking (MPPT) for the PV array, the soft starter for the diesel 
generator, the charge controller for the battery storage and the PI controller for the 
single-phase inverter. To increase the quality of the input and output voltage of the 
single-phase inverter, a boost converter controlled by PID voltage controller is added 
between the battery and inverter. The inverter’s controller is upgraded to PID + R + 
CCF controller. To further improve the performance of inverter, a time-delayed 
controller for the boost converter is designed for comparison. The detailed description 
of this chapter is shown below. 
 
3.2 Dynamic Model of Hybrid Power System 
 
Figure 3.1. Simulink Model of Hybrid Power System 
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In the hybrid power system shown in figure 3.1, the PV array generates power according 
to the received solar radiation. The blocking diode at the output of the PV array prevents 
the PV array being charged during zero solar radiation. The MPPT adjusts the output 
voltage of the PV array to achieve its maximum power output. The DC diesel generator 
is a backup power supply when the power generated by the PV array is less than the 
load power. All the generated power charges the battery storage and supplies the load 
through the single-phase inverter, which transforms the DC to AC. The system is 
simulated in discrete mode. Each component is discussed below. 
 
3.2.1 PV Array 
For efficient simulation, the model of the PV array (shown in figure 3.1) is from [13]. 
The detailed mathematic equations of the model are listed below [13]: 
𝐼𝑑 = 𝐼𝑜 [exp (
𝑉𝑑𝑖𝑜𝑑𝑒
𝑉𝑇
) − 1]                                               (3.1) 
𝑉𝑇 =
𝑘𝑇
𝑞
× 𝑛𝐼 × 𝑁𝑐𝑒𝑙𝑙                                                  (3.2) 
𝑉𝑂𝐶𝑇 = 𝑉𝑂𝐶 (1 + 𝛽𝑉𝑜𝑐(𝑇 − 25))                                           (3.3) 
𝐼𝑆𝐶𝑇 = 𝐼𝑆𝐶(1 + 𝛼𝐼𝑠𝑐(𝑇 − 25))                                            (3.4) 
𝑉𝑑𝑖𝑜𝑑𝑒 = 𝑉𝑃𝑉 + 𝑅𝑠_𝑎𝑟𝑟𝑎𝑦𝐼𝑃𝑉                                             (3.5) 
𝐼𝑃𝑉 = 𝐼𝐿 − 𝐼𝑑 −
𝑉𝑑𝑖𝑜𝑑𝑒
𝑅𝑠ℎ𝑎𝑟𝑟𝑎𝑦
                                               (3.6) 
Where 𝐼𝑑 is the diode current of a solar cell, 𝐼𝑜 is the diode saturation current of a 
solar cell, 𝑉𝑂𝐶𝑇  is the open-circuit voltage of a solar cell, 𝑉𝑂𝐶  is the open-circuit 
voltage of a solar cell, 𝑉𝑑𝑖𝑜𝑑𝑒  is the diode voltage of the PV array, 𝑉𝑃𝑉  is the real 
output voltage of the PV array, 𝑉𝑇 is the temperature factor of 𝐼𝑑, 𝐼𝑃𝑉 is the output 
current of the PV array, 𝑅𝑠ℎ𝑎𝑟𝑟𝑎𝑦  is the shunt resistance of the PV array, 𝑅𝑠_𝑎𝑟𝑟𝑎𝑦 is 
the series resistance of the PV array, 𝐼𝑆𝐶  is the short-circuit current of a solar cell, 𝐼𝑆𝐶𝑇  
is the short-circuit current of a solar cell at temperature 𝑇 which is the operating 
temperature of a solar cell, 𝐼  is diode ideality factor, 𝛽𝑉𝑜𝑐  is the temperature 
coefficient of 𝑉𝑂𝐶 , 𝛼𝐼𝑠𝑐 is the temperature coefficient of 𝐼𝑆𝐶 , 𝑁 is the number of the 
solar cell per PV module, and 𝑛 is the number of PV module per string. 
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The PV array composes of 22 strings of PV modules connected in parallel. Each PV 
module consists of 72 solar cells in series. Each string consists of two modules in series. 
Other detailed parameters of a single PV module are shown in table 2.2.  
 
3.2.2 Maximum Power Point Tracker (MPPT) 
 
Figure 3.2 MPPT Model 
 
It can be seen from figure 3.2 that the MPPT is a boost converter controlled by an MPPT 
controller. According to the MPPT controller’s output signal, the boost converter 
changes the PV array’s output voltage by changing its duty ratio to achieve its 
maximum power output. The capacitors at the input and output of the boost converter 
are used to filter the ripples of the input and output voltage of the boost converter. The 
inductor at the input of the boost converter stores the energy when the boost converter 
is switched on and also partially decreases the ripple of the input voltage. The capacitors 
and inductors above are calculated below [43]: 
𝐿 =
𝑉𝑖𝑛(𝑉𝑜𝑢𝑡−𝑉𝑖𝑛)
∆𝐼𝑙𝑓𝑠𝑉𝑜𝑢𝑡
                                                       (3.7) 
∆𝐼𝑙 =
(0.2~0.4)𝑓𝑠𝑉𝑜𝑢𝑡
𝑉𝑖𝑛
                                                    (3.8) 
∆𝑉𝑃𝑉𝑚𝑝𝑝𝑡 = 0.05𝑉𝑚𝑝𝑝𝑡                                                (3.9) 
∆𝑉𝑃𝑉𝑚𝑝𝑝𝑡 =
𝑃𝑚𝑝𝑝𝑡
2𝑓𝑔𝐶𝑑𝑐𝑉𝑚𝑝𝑝𝑡
                                              (3.10) 
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Where 𝑉𝑖𝑛  is the typical input voltage, 𝑉𝑜𝑢𝑡 is the typical output voltage, 𝑓𝑠  is the 
minimum switching frequency of the converter, ∆𝐼𝑙 is the estimated inductor ripple 
current, 𝑓𝑔  is the carrier frequency of the inverter, 𝐶𝑑𝑐  is the capacitor at the output 
of the converter, 𝑃𝑚𝑝𝑝𝑡 is the maximum power of the converter, 𝑉𝑚𝑝𝑝𝑡  is the output 
voltage of the boost converter during its maximum power output. Please notice that the 
calculated values of the capacitors and inductor are not final values, since they need to 
be adjusted for better performance during the simulation.  
 
The measured PV output power is used to monitor the PV array and decide whether to 
start or shutdown the diesel generator. The MPPT controller is not only to extract the 
maximum output power of the PV array but also prevent the battery from over 
discharging and overcharging. The input signals of the MPPT include the output voltage 
and current of the PV array and control signal from the battery charge controller. The 
flow chart of the MPPT algorithm is shown in figure 3.3 below. 
 
Figure 3.3. Flow Chart of Simplified Incremental Conductance Method 
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The MPPT algorithm in figure 3.3 is simplified incremental conductance method 
integrated with battery charge control. When the charge control signal is off, the duty 
cycle depends on the value of 𝑉𝑑𝐼 + 𝐼𝑑𝑉. If the value is positive, the duty cycle will 
be increased. If the value is negative, the duty cycle will be decreased. If the value is 
zero, the duty cycle remains unchanged. When the charge control signal is effective, 
the duty cycle will be switched to a value corresponding to minimum PV output. 
 
3.2.3 Diesel Generator 
When the output power of the PV array is less than the load, the diesel-generator 
controller switches on the diesel generator to supply the battery storage and load, to 
prevent the battery storage from over discharging. The soft starter of the diesel 
generator is designed to decrease the accumulated damage to the Insulated-gate bipolar 
transistor (IGBT). The detailed subsystem model of the diesel generator is shown in 
figure 3.4 below. 
 
Figure 3.4 Diesel Generator Model 
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The commonly used diesel generator is an AC generator with a rectifier at the output. 
For less oscillation in the DC voltage of the system, a permanent magnet DC generator 
model from [13] is adopted in the simulation. Its mathematic equations are described 
below [13]:  
𝑑𝑖𝑎
𝑑𝑡
= −
𝑟𝑎𝑖𝑎
𝐿𝐴𝐴
−
𝑘𝑣𝜔𝑟
𝐿𝐴𝐴
+
𝑣𝑎
𝐿𝐴𝐴
                                            (3.11) 
𝑑𝜔𝑟
𝑑𝑡
=
𝑘𝑣𝑖𝑎
𝐽
−
𝐵𝑚𝜔𝑟
𝐽
−
𝑇𝐿
𝐽
                                              (3.12) 
Where 𝑖𝑎 is the armature current (A), 𝑟𝑎 is the armature resistance (Ω), 𝜔𝑟 is the 
rotor angular speed (rad/s), 𝑣𝑎  is the armature voltage (V), 𝐿𝐴𝐴  is the armature 
inductance, 𝐽 is the total inertia (kg.m^2), 𝑇𝐿 is the load torque, 𝐵𝑚 is the viscous 
friction coefficient (N.m.s), 𝑘𝑣  is the open-circuit voltage per rotational speed 
coefficient (V/rpm). 
 
As it is shown in figure 3.4, the PI controller is activated, when the load power is larger 
than the PV output power, and the control signal of the charge controller is off. The 
control signal of the PI controller, which is proportional to the difference between the 
reference and measured power, multiplied with torque-power coefficient (N.m/kW) 
controls the torque of the diesel generator. The generator then reaches to its rated 
operation condition according to the torque control signal. Once the torque-control 
signal is active (the switch of the soft starter is still open), the IGBT keeps closed until 
the current increased to a certain positive value (0.2A). When the load power is below 
PV power or the charge-control signal is on, the torque control signal decreases the 
output power and stops the generator. During the process the IGBT keeps open, and the 
switch is turned off until the generator is completely stopped. 
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3.2.4 Battery Storage 
 
Figure 3.5 Battery Storage Model 
 
The battery storage in figure 3.5 is lead-acid battery storage (48V nominal voltage and 
1000Ah rated capacity). The diesel generator operates when the battery storage starts 
to discharge, and the battery model has the self-switch-off function when the SOC (state 
of charge) is below 50%. Therefore, in the charge controller, there is no function to 
prevent battery storage from over-discharging. The controller in figure 3.5 shows that 
once the battery voltage reaches the high reference value 52.2632V, the charge 
controller shuts down the diesel generator and switches the PV panel to its low power 
operation until the battery storage voltage reaches the lower reference value 51V. The 
mathematic equation of the battery storage model is listed below [13]: 
𝐸𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 = 𝐸0 −
KQ𝑖∗
Q−𝑖𝑡
−
𝐾𝑄𝑖𝑡
𝑄−𝑖𝑡
+ 𝐿𝑎𝑝𝑙𝑎𝑐𝑒−1(
𝐴
𝑠
𝐵𝑖𝑡
+1
∙ 0)                       (3.13)   
𝐸𝑐ℎ𝑎𝑟𝑔𝑒 = 𝐸0 −
𝐾𝑄𝑖∗
𝑖𝑡+0.1𝑄
−
𝐾𝑄𝑖𝑡
𝑄−𝑖𝑡
+ 𝐿𝑎𝑝𝑙𝑎𝑐𝑒−1(
𝐴
𝑠
𝐵𝑖𝑡
+1
∙
1
𝑠
)                       (3.14) 
Where 𝐸0  is constant voltage (V), 𝑄  is maximum battery capacity (Ah), K is 
polarization constant, 𝑖𝑡 is extracted capacity (Ah), 𝐴 is exponential voltage (V), 𝐵 
is exponential capacity (Ah)-1, 𝑖∗ is low frequency current dynamics (A). 
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3.2.5 Single Phase Inverter  
 
Figure 3.6 Single-Phase Inverter Model 
 
Figure 3.6 shows that the inverter model consists of an input capacitor, four IGBTs, one 
LC filter, and one transformer. These IGBTs are controlled by unipolar modulation 
technique, which cancels the output harmonics with the carrier frequency [24]. To 
achieve steady inverter output, a closed-loop PI voltage control is used. The difference 
between the reference (220V) and measured fundamental voltage is sent to the PI. The 
multiplication and its negation of the PI output and reference sinewave (220V(RMS), 
50Hz) compared with the same sawtooth carrier (15000Hz) become the modulated 
signals for the left and right arm of the inverter.  
 
The LC filter filters other harmonics of the inverter output voltage. Its output voltage 
(34V (RMS)) is then boosted up to the application level (220V(RMS)) by the 
transformer. The inductance and capacitance of the filter are calculated below [44]: 
𝐿𝑎𝑐 =
𝑉𝑑𝑐
8∆𝐼𝑟𝑖𝑝𝑝𝑙𝑒.𝑚𝑎𝑥𝑓𝑠𝑤
                                                (3.15) 
𝐶𝑎𝑐 =
𝛼𝑃𝑟𝑎𝑡𝑒𝑑
2𝜋𝑓𝑙𝑖𝑛𝑒𝑉𝑟𝑎𝑡𝑒
2                                                 (3.16) 
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Where ∆𝐼𝑟𝑖𝑝𝑝𝑙𝑒.𝑚𝑎𝑥 is 20% of the rated current, 𝑓𝑠𝑤  is twice the carrier’s frequency, 
𝛼 is the reactive power factor, which is less than 5%.  
 
3.2.6 Load Model 
The maximum load power is 12.88kW, corresponding to a 3.76Ω load resistance, and 
the average load power (2810W) corresponds to a 7.56Ω load resistance. The phase-
locked loop model from [13] measures the fundamental current and voltage of the load. 
Their production (load power) is the input of the charge controller and diesel controller. 
The detailed model is shown below. 
 
Figure 3.7 Load Model 
 
3.3 Simulation Results 
The dynamic system model is simulated in the following three situations to check the 
transient stability and functions of the system under different system operations. 
 
3.3.1 Maximum Load, Dip in Solar Radiation and 50% Battery SOC 
This case is to check whether the system can steadily supply the maximum load 
(12.88kW) when the cloud shadow passes by the PV array. The solar radiation in figure 
3.8 drops from 1000W/m2 to 500W/m2 and rises back to 1000W/m2 (25s ~ 40s).  
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Figure 3.8 Solar Radiation - 1st Case  
 
The power output from the PV array changes in the same manner as the solar irradiance, 
which is shown in figure 3.9 below. 
 
Figure 3.9 Output Power of PV Array – 1st Case 
 
Figure 3.9 shows that the maximum output power of the PV array is 9500W, which is 
69% of the rated power output of the PV array. This is because the output voltage of 
the PV array is firmly controlled by battery storage (1000Ah capacity). Because the PV 
output power is lower than the maximum load power, the diesel generator keeps 
operating during the simulation. The inertia of the diesel generator leads to 3s’ delay 
for its initiation and 2s’ delay for its steady-state operation (figure 3.10).  
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Figure 3.10 Output Power of Diesel Generator – 1st Case 
 
Figure 3.11 shows that during the first 3s when the diesel generator is not fully started, 
the power from the PV array is not enough to supply the load. The battery voltage 
therefore decreases. After 3s when the diesel generator is fully started, the total input 
power is larger than the load. This results in continuous battery charging, and the battery 
voltage keeps increasing until the end of the simulation.  
 
Figure 3.11 Voltage of Battery Storage – 1st Case 
 
The magnitude of the inverter output voltage also changes along with the battery 
voltage (figure 3.12), because of no voltage stabilization for the inverter’s input voltage. 
If the stabilization exists, the value should be around +/- 311V.    
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Figure 3.12 Output Voltage of Inverter – 1st Case 
 
3.3.2 Average Load, Increasing Solar Radiation and 50% Battery SOC 
This case is to check whether the diesel generator can be switched on and off when the 
power generated by the PV array is below and above the load power respectively. The 
simulation results are listed below. 
 
Figure 3.13 Solar Radiation – 2nd Case 
 
As it is shown in figure 3.13, in this case, the solar radiation increases from 100W/m2 
to 1000W/m2 at the end. Accordingly, the output power of the PV array changes in the 
same manner (shown in figure 3.14). 
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Figure 3.14 Output Power of PV Array – 2nd Case 
 
Figure 3.14 shows that the output power of the PV array is below the load power before 
10s. Thus, the diesel generator is switched on and off before and after that time. It takes 
about 19 seconds to shut down the generator because of its inertia, which also results 
in the 3s’ delay for the initiation of the diesel generator (figure 3.15). 
 
Figure 3.15 Output Power of Diesel Generator – 2nd Case 
 
Figure 3.16 below shows that in the first 3s the battery voltage stays almost constant 
because of the much lower load power. After 3s when the diesel generator is fully 
started, due to the much larger input power (power from both PV array and diesel 
generator), the battery voltage increases very fast. After 10th second when the output 
power of the diesel generator starts to decrease, the increasing speed of the battery 
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voltage slows down. When the diesel generator is switched off at the 30s, the power 
generated by the PV array (about 5900W) becomes higher than the load (2810W), so 
the battery voltage keeps increasing until the end of the simulation. 
 
Figure 3.16 Voltage of Battery Storage – 2nd Case 
 
The increasing DC voltage also affects the waveform of the output AC voltage of the 
inverter (shown in 3.17), in which the peak value of the inverter’s output voltage 
changes in the same manner as the battery-storage voltage in figure 3.16. 
 
Figure 3.17 Output Voltage of Inverter – 2nd Case 
 
3.3.3 Maximum Solar Radiation, Average Load and 99.3% Battery SOC 
This case is to check the charge controller of the battery storage whether it can work 
properly when the battery is fully charged. In this case, the solar radiation keeps its 
maximum value (1000W) during the whole simulation, which results in maximum 
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power output of the PV array (figure 3.18). 
 
Figure 3.18 Output Power of PV Array – 3rd Case 
 
Figure 3.18 shows that the PV array transits from its maximum power operation 
(9100W) to lowest power operation (250W) at 16.45s, 29.31s and 42.96s respectively 
when the battery storage gets fully charged. At the same time, the battery charge 
controller sends the charge-control signals to switch off the diesel generator (figure 3.19) 
and switch the PV array to its lowest operation (figure 3.20). Due to the decreased input 
power, the battery-storage voltage is discharged to its lower setting (51V) at 22.87s and 
37.08s. The charge-control signal is then off, and the PV array returns to its maximum 
operation. During the maximum operation of the PV array, its maximum output power 
(> load power, 2810W) keeps shutting down the diesel generator (figure 3.19).   
 
Figure 3.19 Output Power of Diesel Generator – 3rd Case 
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Figure 3.20 Voltage of Battery Storage – 3rd Case 
 
 
Figure 3.21 Output Voltage of Inverter – 3rd Case 
 
Figure 3.21 shows that the increment and decrement of the battery-storage voltage 
change of the peak value of the inverter output voltage varying in the same manner as 
the battery-storage voltage.  
 
It can be seen that different system operations change the battery-storage voltage and 
inverter output voltage, which results in an unstable power supply to the load. The 
inverter controller is designed to keep a constant RMS value of the fundamental output 
voltage of the inverter. The waveform of the inverter output voltage (shown in figure 
3.22) is also severely distorted. Therefore, a DC input voltage regulator and a more 
advanced controller for the inverter are required, which is shown in section 3.4. 
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Figure 3.22 Distorted Waveform of Inverter Output Voltage 
 
3.4 DC Voltage Regulator of Single-Phase Inverter 
3.4.1 General System 
According to the general structure of the system in figure 3.23, the input voltage 
stabilization is realized by a boost converter controlled by a time-delayed controller. 
The boost converter boosts up and stabilizes the DC input voltage of the inverter. The 
inverter, which is controlled by PID + R + CCF controller, then transforms the DC 
voltage to AC voltage for electrical applications. 
 
Figure 3.23 General System of DC Voltage Regulator 
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3.4.2 Controller Design of Single-Phase Inverter 
As it is shown in figure 3.24, 𝑉𝑑𝑐  is the DC input voltage of the inverter, 𝐼𝑑𝑐  is the 
input current, 𝑉𝐴𝐵  is the input voltage of the low pass filter, 𝐼𝐴𝐵 is the input current 
of the lowpass filter, 𝑅𝑎𝑐 is the load resistance, 𝑍𝑎𝑐 is the load resistance observed 
from the primary side of the transformer, 𝑆𝐴𝐵 is the control signal of the inverter, 𝑉𝑎𝑐  
is the output voltage of the lowpass filter, 𝐼𝑎𝑐 is the capacitor current.  
  
Figure 3.24 Schematic of Single-Phase Inverter 
 
According to the mathematic model of the inverter shown in figure 3.25, the controller 
of the inverter consists of the series connection of the outer voltage controller (PID 
voltage controller (H_v) and resonance controller (R)) and the inner PID current 
controller (H_i). The resulted control signal is sent to the signal delay model (H_delay). 
The delayed control signal is then sent to the control to capacitor current plant (Gic). 
Its output signal is then both fed back to the inner current control loop through the 
lowpass filter (H_filter) and sent to the capacitor current to output voltage plant (Gvic). 
These transfer functions are listed below.  
 
The control signal (𝑆𝐴𝐵) to capacitor current (𝐼𝑎𝑐) transfer function is shown in equation 
3.17 below [45]:  
𝐺𝑖𝐶 =
𝑠𝐶𝑎𝑐𝑍𝑎𝑐𝑉𝑑𝑐
𝑠2𝐿𝑎𝑐𝐶𝑎𝑐+𝑠𝐿𝑎𝑐+𝑍𝑎𝑐
                                             (3.17) 
The LC filter output voltage (𝑉𝑎𝑐) to its input current (𝐼𝑎𝑐) transfer function is shown in 
equation 3.18: 
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𝐺𝑣𝑖𝐶 =
1
𝑠𝐶𝑎𝑐
                                                       (3.18) 
The control signal delay model is shown in equation 3.19 below [45]: 
𝐻𝑑𝑒𝑙𝑎𝑦 =
1−0.5𝑇𝑑𝑒𝑙𝑎𝑦𝑠+(
𝑇𝑑𝑒𝑙𝑎𝑦
12
)2𝑠2
1+0.5𝑇𝑑𝑒𝑙𝑎𝑦𝑠+(
𝑇𝑑𝑒𝑙𝑎𝑦
12
)2𝑠2
                                      (3.19) 
Where 𝑇𝑑𝑒𝑙𝑎𝑦  is the time delay of the control signal, which is 1/72000s in this model. 
The transfer function of the filter is shown in equation 3.20 [13]: 
𝐻𝑓𝑖𝑙𝑡𝑒𝑟 =
𝜔0
2
1+2𝜁𝜔0+𝜔0
2                                               (3.20) 
Where 𝜔0 is the natural frequency of the output voltage, which is 100𝜋, 𝜁 is the 
damping ratio which is 1 in this model.  
 
Since the electrical load for residential use is resistive, PID + R + CCF controller is 
enough [46]. The PID voltage controller (H_v) paralleled with the resonance controller 
(R) is to decrease the steady-state error of the inverter output voltage [46]. The reference 
signal for the outer voltage control is standard 50Hz sinewave, and its feedback is the 
measured inverter output voltage. The harmonics of the inverter output voltage can be 
therefore reflected to and attenuated by the outer voltage controller (H_v + R) and inner 
current controller (H_i). The complete mathematic model of the inverter, including its 
control system, is shown in figure 3.25 below.  
 
Figure 3.25 Mathematic Model of Single-Phase Inverter  
 
The tuning and design of the control system are finished in controller design application 
in MATLAB, which largely saves the time for controller design. However, because of 
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the inaccurate mathematic model of the IGBT devices, there are some errors between 
the mathematic model and real-time model of the inverter. Thus, different performance 
appears in the mathematic and real-time simulation of the inverter by applying the same 
parameters in the controller. The controller thus needs to be tuned again in the real-time 
simulation.  
 
3.4.3 Dynamic Model of Boost Converter 
3.4.3.1 Parameters of Boost Converter 
To minimize the voltage ripple of the boost converter and increase the stability of the 
converter, the parameters of the boost converter are calculated below [47]:  
𝑉𝑜_𝑟𝑖𝑝𝑝𝑙𝑒_𝐸𝑆𝑅 = 𝐼𝑖𝑛 ∙ 𝑅𝐸𝑆𝑅                                             (3.21) 
𝐶𝑚𝑖𝑛_𝑟𝑖𝑝𝑝𝑙𝑒 =
𝐼𝑖𝑛
𝑉𝑜_𝑟𝑖𝑝𝑝𝑙𝑒_𝐶∙𝑓𝑠𝑤
(1 −
𝑉𝑖𝑛
𝑉𝑜
)                                    (3.22) 
𝑅𝐷𝐶𝑅_𝑚𝑎𝑥 =
0.3𝑃𝑡𝑜𝑡𝑎𝑙_𝑙𝑜𝑠𝑠
𝐼𝑖𝑛
2                                               (3.23) 
𝑃𝑡𝑜𝑡𝑎𝑙_𝑙𝑜𝑠𝑠 = 𝑃𝑡𝑜𝑡𝑎𝑙 (
1
𝜂
− 1)                                           (3.24) 
𝐿m𝑎𝑥 = 𝐶 ∙ [𝑅𝑚𝑎𝑥 ∙ 𝑉𝑖𝑛_𝑚𝑎𝑥/(10 ∙ 𝑉𝑜)]
2
                                  (3.25) 
Where 𝑅𝐸𝑆𝑅  is the equivalent series resistance of the capacitor, 𝐼𝑖𝑛 is the maximum 
input current, 𝑉𝑖𝑛  is the steady-state input voltage, 𝑉𝑜  is the steady-state output 
voltage, 𝑉𝑜_𝑟𝑖𝑝𝑝𝑙𝑒_𝐸𝑆𝑅  is the voltage ripple on 𝑅𝐸𝑆𝑅 , 𝑉𝑜_𝑟𝑖𝑝𝑝𝑙𝑒_𝐶  is the predetermined 
voltage ripple of the capacitor- 𝐶, 𝐶𝑚𝑖𝑛_𝑟𝑖𝑝𝑝𝑙𝑒  is the minimum capacitor value, 𝑓𝑠𝑤  is 
the switching frequency of the boost converter, 𝑅𝐷𝐶𝑅_𝑚𝑎𝑥  is the maximum direct-
current resistance of the inductance, 𝜂 is the efficiency of the boost converter, 𝑃𝑡𝑜𝑡𝑎𝑙  
is the maximum input power of the boost converter, 𝑅𝑚𝑎𝑥  is the maximum load 
resistance, 𝐿m𝑎𝑥  is the maximum inductance, 𝑉𝑖𝑛_𝑚𝑎𝑥  is the input voltage at the 
maximum load, 𝑃𝑡𝑜𝑡𝑎𝑙_𝑙𝑜𝑠𝑠  is the power lost during the maximum load supply. 
The resulted parameters are shown in table 3.1 below. 
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Parameter Value 
Capacitance (𝐶) 3.57 (mF) 
Inductance (𝐿) 3 (μH) 
DCR (𝑅𝐷𝐶𝑅) 5.82 (mΩ) 
ESR (𝑅𝐸𝑆𝑅 ) 0.776(mΩ) 
Duty Ratio (Steady State) 0.5 
𝑓𝑠𝑤    100(kHz) 
𝑃𝑡𝑜𝑡𝑎𝑙   12880(W) 
𝑉𝑖𝑛  (Steady State) 50(V) 
𝑉𝑜 (Steady State) 100(V) 
𝐼𝑖𝑛 (Steady State) 257.6(A) 
𝑅𝑚𝑎𝑥  0.64(Ω) 
Table 3.1 Calculated Parameters of The Boost Converter  
 
3.4.3.2 Mathematic Model of the Boost Converter 
According to figure 3.26 below, the boost converter has two operations. One is IGBT-
on operation, and the other is IGBT-off operation.  
 
Figure 3.26 Equivalent Circuits of Boost Converter in On-Off Operation 
 
Since the dynamics of these two operations are different, averaging these two dynamics 
is required [48]. The average model of the boost converter is listed below: 
[
?̇?𝐶
𝑖̇𝑖?̇?
] = [
1
𝐶(𝑅𝐿+𝑅𝐸𝑆𝑅)
−
𝑅𝐿
𝐶(𝑅𝐿+𝑅𝐸𝑆𝑅)
−
𝑅𝐿
𝐿(𝑅𝐿+𝑅𝐸𝑆𝑅)
−
𝑅𝐷𝐶𝑅
𝐿
−
𝑅𝐸𝑆𝑅𝑅𝐿
𝐿(𝑅𝐿+𝑅𝐸𝑆𝑅)
] [
𝑣𝐶
𝑖𝑖𝑛
] +
[
0
𝑅𝐿
𝐶(𝑅𝐿+𝑅𝐸𝑆𝑅)
𝑅𝐿
𝐿(𝑅𝐿+𝑅𝐸𝑆𝑅)
𝑅𝐸𝑆𝑅𝑅𝐿
𝐿(𝑅𝐿+𝑅𝐸𝑆𝑅)
] [
𝑣𝐶
𝑖𝑖𝑛
] 𝑑 + [
0
1
𝐿
] 𝑣𝑖𝑛                                (3.26)                                               
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[
𝑣?̇?
𝑖𝑖?̇?
] = [
𝑅𝐿
𝑅𝐿+𝑅𝐸𝑆𝑅
𝑅𝐿𝑅𝐸𝑆𝑅(1−𝑑)
𝑅𝐿 +𝑅𝐸𝑆𝑅
0 1
] [
𝑣𝐶
𝑖𝑖𝑛
]                                     (3.27) 
Where 𝑣𝐶  , 𝑖𝑖𝑛 , 𝑣𝑖𝑛 , 𝑣𝑂 , 𝑑 are the averaged capacitor voltage, input current, input 
voltage, output voltage and duty ratio respectively. 
  
3.4.4 Time Delayed Control of Boost Converter 
3.4.4.1 Introduction of Time Delayed Control 
Time delay control (TDC for abbreviation) is a robust control for nonlinear systems. Its 
control law is designed to minimize the error between the nonlinear system model and 
reference model. The mathematic equations of TDC are listed below [49]: 
?̇?(𝑡) = 𝑓(𝑥, 𝑡) + 𝑑(𝑥, 𝑡) + 𝐵(𝑥, 𝑡)𝑢(𝑡)                                  (3.28) 
?̇?𝑚(𝑡) = 𝐴𝑚𝑥𝑚(𝑡) + 𝐵𝑚𝑟(𝑡)                                          (3.29) 
𝑒(𝑡) = 𝑥(𝑡) − 𝑥𝑚(𝑡)                                                 (3.30) 
?̇?(𝑡) = (𝐴𝑚 + 𝐾)𝑒(𝑡)                                                 (3.31) 
𝑓(𝑥, 𝑡) = 𝑓(𝑥, 𝑡) + 𝑑(𝑥, 𝑡) + (𝐵(𝑥, 𝑡) − ?̂?(𝑥, 𝑡)) 𝑢(𝑡)                      (3.32) 
𝑢(𝑡) = (?̂?𝑇?̂?)
−1
?̂?𝑇(−?̇?(𝑡 − 𝐿 ) + ?̂?𝑢(𝑡 − 𝐿) + 𝐴𝑚𝑥𝑚(𝑡) + 𝐵𝑚𝑟(𝑡) − 𝐾𝑒(𝑡)) (3.33) 
Where equation 3.28 is the state-space model of a designed system, equation 3.30 is the 
reference system model, equation 3.30 describes the error between state variables and 
references, equation 3.31 is the derivative of the system error (equation 3.30), equation 
3.32 is the total effect of system uncertainty, equation 3.33 is the control law of the 
system, 𝑑(𝑥, 𝑡)  is the system disturbance,  𝑓(𝑥, 𝑡)  is the overall dynamic of the 
system, 𝑟(𝑡) is the command signal, 𝑢(𝑡) is the control input, 𝐵(𝑥, 𝑡) is the control 
input distribution, ?̂?(𝑥, 𝑡) is the range of the control distribution, 𝑥𝑚 is reference 
state, 𝐴𝑚 and 𝐵𝑚 are reference matrixes, 𝐿 is time-delay constant, 𝐾 is the error 
feedback constant. The detailed derivation is shown in [49].  
 
In the control law (equation 3.33), the total system uncertainty-𝑓(𝑥, 𝑡) is estimated by 
the delayed control input signal-𝑢(𝑡 − 𝐿) and the derivative of the delayed system state 
?̇?(𝑡 − 𝐿 ). The domain of ?̂?(𝑥, 𝑡) should be firstly calculated based on [10] to ensure 
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stability, and then tuned for an accurate system-uncertainty estimation and ideal system 
response. 
 
3.4.4.2 Time Delayed Controller Design of Boost Converter 
Since the voltage of 𝑅𝐸𝑆𝑅  is very small compared to the voltage of the capacitor, 𝑉𝑜 
is approximately equal to 𝑉𝐶 , which eliminates the observer design and simplifies the 
controller design. The detailed design process is shown below. 
 
Instead of only using −?̇?(𝑡 − 𝐿 ) and ?̂?𝑢(𝑡 − 𝐿) to estimate system uncertainty (as 
shown in equation 3.33), a linear detectable dynamic 𝑓+(𝑥, 𝑡) is included for the same 
purpose. Thus, the system uncertainty is shown in equation 3.34 below.  
𝑓(𝑥, 𝑡) = 𝑓(𝑥, 𝑡) − 𝑓+(𝑥, 𝑡) + 𝑑(𝑥, 𝑡) + (𝐵(𝑥, 𝑡) − ?̂?(𝑥, 𝑡)) 𝑢(𝑡)           (3.34) 
Due to the introduction of 𝑓+(𝑥, 𝑡), the system state-space model shown in equation 
3.28 becomes: 
?̇?(𝑡) = 𝑓(𝑥, 𝑡) + ?̂?(𝑥, 𝑡)𝑢(𝑡) + 𝑓+(𝑥, 𝑡)                                (3.35) 
Thus, based on equation 3.28, 3.29, 3.30, 3.31, 3.33, 3.34 and 3.35, the control law is 
described by equation 3.36 below. 
𝑢(𝑡) = (?̂?𝑇?̂?)
−1
?̂?𝑇(−?̇?(𝑡 − 𝐿 ) + ?̂?𝑢(𝑡 − 𝐿) + 𝑓+(𝑥, 𝑡 − 𝐿) − 𝑓+(𝑥, 𝑡) +
𝐴𝑚𝑥𝑚(𝑡) + 𝐵𝑚𝑟(𝑡) − 𝐾𝑒(𝑡))                                         (3.36) 
 
Based on the equations above, the TDC of the converter is shown below. Because of 
the changing load and current, only the voltage reference is utilized during the 
controller design. Thus, the average model of the output voltage (1st row of the equation 
3.26) is used for the controller design. Accordingly, the reference model is designed to 
maintain the steady output voltage of the boost converter. The state space model and a 
reference model of the boost converter for the TDC design are shown in equation 3.37 
and 3.38 below: 
𝑉?̇?(𝑡) =
𝑉𝑜(𝑡)
𝐶(𝑅𝐿+𝑅𝐸𝑆𝑅)
−
𝑅𝐿𝑖𝑖𝑛(𝑡)
𝐶(𝑅𝐿+𝑅𝐸𝑆𝑅)
+
𝑅𝐿𝑖𝑖𝑛(𝑡)
𝐶(𝑅𝐿+𝑅𝐸𝑆𝑅)
𝑢(𝑡)                        (3.37) 
?̇?𝑟𝑒𝑓 = −𝑃𝑉𝑟𝑒𝑓 + 𝑃𝑉𝑜(𝑡)                                            (3.38) 
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Where 𝑢(𝑡)  is the control input, 
𝑉𝑜(𝑡)
𝐶(𝑅𝐿+𝑅𝐸𝑆𝑅)
−
𝑅𝐿𝑖𝑖𝑛(𝑡)
𝐶(𝑅𝐿+𝑅𝐸𝑆𝑅)
  is the overall system 
dynamics-𝑓(𝑥, 𝑡) , 
𝑅𝐿𝑖𝑖𝑛(𝑡)
𝐶(𝑅𝐿+𝑅𝐸𝑆𝑅)
 is the control signal distribution-𝐵(𝑥, 𝑡) , 𝑉𝑟𝑒𝑓  is the 
reference of the output voltage, 𝑉𝑜(𝑡) is the state variable in equation 3.37 and order 
command signal in equation 3.38, 𝑢(𝑡) is the system control signal in equation 3.37, 
−𝑃 and 𝑃 are the reference matrixes in equation 3.38. 
 
Due to the changing load-𝑅𝐿, the overall system dynamics-𝑓(𝑥, 𝑡) becomes uncertain. 
Thus, the linear detectable dynamic-𝑓+(𝑥, 𝑡) is designed for its estimation. Since 𝑅𝐸𝑆𝑅  
is very small, the uncertain dynamics-
𝑅𝐿𝑖𝑖𝑛(𝑡)
𝐶(𝑅𝐿+𝑅𝐸𝑆𝑅)
 can be estimated by 
𝑖𝑖𝑛(𝑡)
𝐶
, and the 
uncertain dynamics-
𝑉𝑜(𝑡)
𝐶(𝑅𝐿+𝑅𝐸𝑆𝑅)
 can be estimated by 
𝑉𝑜(𝑡)
𝐶𝑅𝐿.𝑟𝑎
. Since the dynamic of 𝑅𝐿 
is unknown, the estimation of 
𝑉𝑜(𝑡)
𝐶(𝑅𝐿+𝑅𝐸𝑆𝑅)
 is adjusted by tuning the parameter 𝑅𝐿.𝑟𝑎 
Thus, the linear detectable dynamic 𝑓+(𝑥, 𝑡) is shown in the equation below. 
𝑓+(𝑥, 𝑡) = −
𝑖𝑖𝑛(𝑡)
𝐶
+
𝑉𝑜(𝑡)
𝐶𝑅𝐿.𝑟𝑎
+
𝐼𝑡ℎ𝑒 𝑡ℎ𝑒 𝑟𝑎(𝑡)
𝐶
𝑢(𝑡)                            (3.39) 
The control distribution range ?̂? is decided by equation 33 below. 
?̂? =
𝐼𝑟𝑎
𝑐
                                                            (3.40) 
Where 𝐼𝑟𝑎 represents the range of the inductor current, which is equivalent to ?̂?. 𝐼𝑟𝑎 
and 𝑅𝐿.𝑟𝑎 are the most frequently tuned parameters in this simulation. Their tuning 
process will be discussed in section 3.4.6. 
 
Based on equations 3.34 to 3.40, the system uncertainty and control law is shown in 
equation 3.40 and 3.41 below. 
𝑓(𝑡) =
𝑉𝑜(𝑡)
𝐶(𝑅𝐿+𝑟𝐶)
−
𝑉𝑜(𝑡)
𝐶𝑅𝐿.𝑟𝑎
+
𝑖𝑖𝑛(𝑡)
𝐶
−
𝑅𝐿𝑖𝑖𝑛(𝑡)
𝐶(𝑅𝐿+𝑟𝐶)
+
𝑅𝐿𝑖𝑖𝑛(𝑡)
𝐶(𝑅𝐿+𝑟𝐶)
𝑢(𝑡) −
𝐼𝑟𝑎
C
𝑢(𝑡)         (3.41) 
𝑢(𝑡) =
𝐶
𝐼𝑟𝑎
[𝑉?̇?(𝑡) − ?̇?𝑜(𝑡 − 𝐿) +
𝑉𝑜(𝑡−𝐿)
𝐶𝑅𝐿.𝑟𝑎
−
𝑉𝑜(𝑡)
𝐶𝑅𝐿.𝑟𝑎
+
𝑖𝑖𝑛(𝑡)
𝐶
−
𝑖𝑖𝑛(𝑡−𝐿)
𝐶
+
𝐼𝑟𝑎
𝐶
𝑢(𝑡 − 𝐿) +
𝑃(𝑉𝑂 − 𝑉𝑟𝑒𝑓)]                                                    (3.42) 
Based on equation 3.42, the TDC model for the converter in Simulink is designed in 
figure 3.27 below. 
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Figure 3.27 TDC Model of Boost Converter in Simulink 
 
3.4.5 Simulations Result 
To check the performance of the designed system and its controllers, the system is 
simulated under the five cases below. 
 
3.4.5.1 Maximum Load with Transient Voltage Disturbance 
This case checks the performance of the converter-inverter system under the maximum 
load and the ∓10V input voltage disturbances (at 0.1s and 0.2s respectively). The 
output voltage of the boost converter under transient disturbance is shown in figure 3.28. 
 
Figure 3.28 Converter Output (TDC) - 1st Case 
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Figure 3.28 shows that the output voltage of the converter oscillates from 98V to 102V. 
The effects of the input voltage disturbances at 0.1s and 0.2s are almost negligible. Thus, 
the waveform of the output voltage has less distortion, as it is shown in figure 3.29.  
 
Figure 3.29 Inverter Output (TDC) - 1st Case 
 
3.4.5.2 Maximum Load with Low-to-High Voltage Transition  
This case checked the system at the maximum load when the converter input changed 
from a low voltage (45V, 0s ~ 0.15s) to a high voltage (55V, 0.15s ~ 0.3s). These two 
values, which are lower and higher than the lower and upper limit of the battery-storage 
voltage, are designed to check the system performance under extreme conditions. The 
input and output voltage of the converter is shown in figure 3.30 and 3.30 respectively. 
 
Figure 3.30 Converter Input - 2nd Case 
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Figure 3.31 Converter Output (TDC) - 2nd Case 
 
According to figure 3.31, during 0s to 0.15s when the input voltage is low, the 
maximum voltage ripple oscillates from -4V to +4V. This is just a part of the converter 
output during this time. When the input voltage is high (0.15s to 0.3s), the voltage 
ripples oscillate from -2V to +2V. The voltage transition at 0.15s results in a negligible 
effect on the converter output. Therefore, the distortion of the inverter output voltage is 
very small, which is shown in figure 3.32 below.   
 
Figure 3.32 Inverter Output (TDC) - 2nd Case 
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3.4.5.3 Maximum Load with High to Low Voltage Transition  
Compared to the 2nd case, this case checks the system performance under the maximum 
load when the converter input voltage changed from the high voltage (45V, 0s ~ 0.15s) 
to low voltage (55V, 0.15s ~ 0.3s), which is shown in figure 3.33 below.  
 
Figure 3.33 Converter Input - 3rd Case 
 
The output voltage of the converter is shown in figure 3.34 below. 
 
Figure 3.34 Converter Output (TDC) - 3rd Case 
  
It can be seen from figure 3.34 that the output voltage of the converter under high and 
low input voltage is the same as that in figure 3.31. The voltage transient of the 
converter output at the voltage transition (from high voltage to low voltage, at 0.15s) is 
almost negligible in figure 3.34. Because the voltage ripple is very small, the inverter 
output voltage is only slightly distorted, which is shown in figure 3.35 below.  
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Figure 3.35 Inverter Output - 3rd Case 
 
3.4.5.4 Light-to-Heavy Load Transition  
This situation tests the system performance under normal voltage input-50V when the 
load is transited from 
1
18
 to maximum load. The converter output is shown below. 
 
Figure 3.36 Converter Output - 4th Case 
 
Figure 3.36 shows that during the light load (0s ~ 0.15s), the converter reaches its steady 
operation before the load transition. The voltage ripple during the steady operation 
oscillates (0V ~ 4V). After the load transition, the converter output voltage is the same 
as the converter that operates under 50V input voltage and maximum load. Therefore, 
the inverter output voltage in figure 3.37 is only a little distorted.  
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Figure 3.37 Inverter Output (TDC) - 4th Case 
 
As it is shown in figure 3.37, the output voltage of the inverter is less distorted in light 
load than a heavy load. This is because, under heavy load supply, the right-half zero 
frequency of the boost converter is close to its resonance frequency. This leads to some 
resonant oscillation at the converter output voltage (0.15s ~ 0.3s, figure 3.34), and the 
distortion in the inverter output voltage (0.15s ~ 0.3s, figure 3.35) 
 
Even when the converter does not reach its steady-state operation before load transition 
(0.05s), the TDC can still reach its steady-state operation immediately, which is shown 
in figure 3.38 below. 
 
Figure 3.38 Converter Output (TDC) with Load Transition at 0.05s 
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3.4.5.5 Heavy-to-Light Load Transition 
This case checks the system performance under normal voltage input-50V when the 
load is transited from the maximum load to 
1
18
 maximum load. The output voltage of 
the converter is shown in figure 3.39 below. 
 
Figure 3.39 Converter Output (TDC) - 5th Case 
Figure 3.39 shows that during the heavy load the output voltage ripple of the converter 
oscillates from -2V to +2V. When the converter reaches its steady operation (< 0.01s), 
the output voltage oscillates from 100V to 104V. Thus, the inverter output voltage in 
figure 3.40 gets little distorted. 
 
  
Figure 3.40 Inverter Output (TDC) - 5th Case 
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3.4.6 TDC Tuning of Boost Converter 
In [23] and [49], the parameters need to be tuned are time delay constant and the gains 
in the reference matrixes. In this project, the time delay constant (𝐿) is set equal to the 
system sampling time (0.00005s), and the reference gain-P is set to 15200. As it is 
mentioned in section 3.4.4.2, the most frequently tuned parameters are 𝐼𝑟𝑎 and 𝑅𝐿.𝑟𝑎. 
Their tuning processes are shown below. 
 
3.4.6.1. Tuning of 𝐼𝑟𝑎, 𝑅𝐿.𝑟𝑎 = 4𝑅𝐿  
According to [50], the stability domain of 𝐼𝑟𝑎 is [0, 514]. In this domain different 𝐼𝑟𝑎 
results in different performance. The tuning process of 𝐼𝑟𝑎 is shown below. 
 
Figure 3.41 Converter Output (𝐼𝑟𝑎 = 200) TDC 
 
Figure 3.42 Converter Output (𝐼𝑟𝑎 = 100) TDC 
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Figure 3.43 Converter Output (𝐼𝑟𝑎 = 42.182) TDC 
 
It can be seen from figure 3.41 to 3.43 that the voltage ripple of the converter output 
voltage decreases as 𝐼𝑟𝑎  declines. As long as ?̂? =
𝐼𝑟𝑎
𝐶
  is in the stable domain, 
decreasing 𝐼𝑟𝑎 can increase the accuracy of the uncertainty estimation ?̂?𝑢(𝑡 − 𝐿) =
 
𝐼𝑟𝑎
𝐶
𝑢(𝑡 − 𝐿) in the control law (equation 3.41). This can improve the performance of 
the converter and thus inverter. 
 
3.4.6.2. Tuning of 𝑅𝐿.𝑟𝑎, 𝐼𝑟𝑎 = 42.182 
As it is mentioned in section 3.4.4.2, 𝑅𝐿.𝑟𝑎  estimates the uncertain dynamic 
𝑉𝑜(𝑡)
𝐶(𝑅𝐿+𝑟𝐶)
−
𝑉𝑜(𝑡)
𝐶𝑅𝐿.𝑟𝑎
. Its tuning process is shown below. 
 
Figure 3.44 Converter Output (𝑅𝐿.𝑟𝑎 = 0.5𝑅𝐿) TDC 
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Figure 3.45 Converter Output (𝑅𝐿.𝑟𝑎 = 4𝑅𝐿) TDC 
 
Figure 3.44 and 3.45 show that 𝑅𝐿.𝑟𝑎 corresponds to the performance of the converter 
output voltage under input voltage disturbance at 0.11s. This is because that as 𝑅𝐿.𝑟𝑎 
increases, the estimation of the uncertainty 
𝑉𝑜(𝑡)
𝐶(𝑅𝐿+𝑟𝐶)
−
𝑉𝑜(𝑡)
𝐶𝑅𝐿.𝑟𝑎
 becomes increasingly 
accurate. Thus, the converter output voltage becomes more stable under input 
disturbance. 
 
3.5 Conclusion 
 
This chapter shows the dynamic modeling and simulation of the hybrid power system 
designed in chapter 2. It shows that the system can keep steady-state operation under 
the passing cloud, increasing solar radiation and the situation when the battery storage 
near fully charged. To improve the waveform of the inverter output voltage, a boost 
converter is added between the battery storage and inverter. The inverter is controlled 
by a more advanced PID+R+CCF controller. The TDC controller designed for the boost 
converter exhibits little voltage ripple under various input voltage, input-voltage 
transition, and load supply. The output voltage of the inverter only gets small distortion 
because of this TDC controlled converter. At last, the tuning process of the TDC is 
described to show how to get the best system performance.  
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Chapter 4  
Data Logging and Visualization System 
 
4.1 Introduction 
 
To monitor the operation of a residential PV system, both data logger and data storage 
are needed to collect the sensors data. The data includes the PV system’s voltage-
current data and local weather data. However, the PV system in MUN is 5 meters away 
from the window through which the weather data is collected. In China PV systems 
maybe 25-50 meters away from homes, it is more meaningful to realize the 
communications among sensors by wireless data transfer rather than long metal cables. 
In reality, this can significantly reduce the cabling work of a large PV system with 
longer distances among sensors. PC receives all the data and transfer them to a web 
server. To monitor the system outside the campus, a web server is used instead of a local 
server, which allows a much more frequent data logging (once per second). During the 
data transformation from a PC to a web server, the stability and robustness of the 
program must be guaranteed. The system alarm that reports the data-disconnection 
failure is also necessary to notify the user to resume the data connection as fast as 
possible. This chapter will first introduce the general system setup, then present each 
part of the system in detail, and analyze the collected data and make a conclusion. 
  
4.2 Overall System Setup 
 
The overall system includes a PV system, weather data logger, PV system data logger, 
radio transmission and web transfer system on a PC. Its schematic is shown in figure 
4.1 below. 
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Figure 4.1 Overall System Schematic 
 
As it is shown in figure 4.1, the weather data is first sent to data logger 2 and transmitted 
to data logger 1 through radio transmission. Then, by serial transmission data logger, 1 
sends all sensor data to a PC. The PC transfers the data to a local USB server and web 
server (Thingspeak server). Since the real overall setup is hard to be included in one 
picture, the setups for the data logging of the PV system and weather are shown in 
figure 4.2 and figure 4.3 respectively. The detailed system is shown in figure 4.4. 
 
Figure 4.2 Lab Setup of Data Logging System 
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Figure 4.3 Weather Data Logger 
 
 
Figure 4.4 Detailed Wiring Diagram of Data Logging System 
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4.3 PV System 
 
The overall PV system consists of a PV array, MPPT (Maximum Power Point Tracker) 
and battery. The PV array is composed of 2 PV panels connected in parallel (each with 
the 12V output voltage and 130W output power). The battery has 12V nominal output 
voltage and 200 Ah nominal capacity. The nominal voltage and current of MPPT are 
12V and 30A respectively. Other detailed information of all these components is listed 
in [51,52,53]. The overall PV system is shown in figure 4.5 below. 
 
Figure 4.5 Overall PV System 
  
As it is shown in the figure above, during daytime the PV array transforms the solar 
radiation to electricity through photovoltaic effect, then transmits the electrical power 
to MPPT. MPPT is a DC-DC converter which is used to reach the maximum power 
output of the PV array for the given temperature and solar radiation by adjusting the 
output voltage of the PV array. After the MPPT, the electricity charges the battery and 
supplies the load. During nights when there is no solar radiation, the output voltage and 
power of the PV array drops to zero. The blocking diodes at the output of the PV panels 
prevent battery discharging during these periods. The PV system in the lab (without PV 
array) is shown in figure 4.6 below. 
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Figure 4.6 PV System in Lab (without PV Array) 
 
4.4 Sensors 
 
There are two sensor circuits, one for collecting the PV system’s data and the other for 
the weather data. The sections below will discuss the sensors and sensor circuits in 
detail. 
 
4.4.1 Sensors in PV System 
The sensors in the PV system include two current sensors (same version) and two 
voltage dividers. The ratios (primary voltage to secondary voltage) of the voltage 
dividers of battery voltage and PV voltage are 4:1 and 6.56:1 respectively. The PV 
voltage divider and battery voltage divider are composed of four resistors, which are 
shown in Figure 4.7 below. 
 
Figure 4.7 Voltage Divider 
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The outputs in the figure above are analog values. Arduino will transform the analog 
values into digital values by equation 4.1.  
𝐷𝑎𝑡𝑎 = 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑_𝑣𝑎𝑙𝑢𝑒 × 1024/𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒_𝑣𝑎𝑙𝑢𝑒                    (4.1) 
Thus, the real-time measured voltage should be calculated by equation 4.2 below. 
𝑉𝑟𝑒𝑎𝑙 = 𝐷𝑎𝑡𝑎 ∗
𝑅𝑎𝑡𝑖𝑜
204.6
 (𝑉)                                             (4.2) 
The 𝑅𝑎𝑡𝑖𝑜 for the PV voltage divider is 6.56, and for battery voltage divider is 4.  
The adopted current sensor is ACS712, which is shown in figure 4.8 below. 
 
Figure 4.8 Current Sensor 
 
The offset output voltage of the current sensor is 2.5V, the current range is from -20A 
to 20A and the sensitivity is 180mV/A. Other detailed data of the current sensor is 
shown in reference [54]. The testing results of the current sensor measuring PV output 
current and the current sensor measuring battery input current are shown in table 4.1 
and table 4.2 respectively: 
Input Current (A) Output Voltage (V) Average Sensitivity(V/A) 
0 2.487  
0.187 
 
1 2.671 
2 2.855 
2.38 2.928 
Table 4.1 Test Result of PV Current Sensor 
 
Input Current (A) Output Voltage (V) Average Sensitivity(V/A) 
0 2.499  
0.1872 1 2.683 
1.99 2.867 
2.46 2.958 
Table 4.2 Testing Result of Battery Current Sensor 
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Similarly, the real-time current value should be calculated by equation 4.3 below. 
𝐼𝑟𝑒𝑎𝑙 =
𝐷𝑎𝑡𝑎
38.51
− 13.32 (A)                                            (4.3) 
 
4.4.2 Sensors for Weather Data 
Collected weather data includes the data of solar radiation and temperature. The light 
dependent resistor is PDV-P8103. Its sensitivity (lg(R100)–lg (R10)/lg(E100)-lg(E10)) 
is 0.75, and its typical performance is shown in figure 4.9. Other detailed data is shown 
in [56]. The complete circuit to sense solar radiation is shown in figure 4.10. 
 
Figure 4.9 Typical Performance of PDV-P8103 
 
 
Figure 4.10 Circuit of Solar Sensor 
According to the given data and the performance curve of the light dependent resistor, 
the solar radiation is calculated by equation 4.4 below. 
𝑅𝑎 =  0.0079 ∗ 10(2.5311−𝑙𝑔
(55.7∗𝑑𝑎𝑡𝑎/(1170.31−𝑑𝑎𝑡𝑎)))                         (4.4) 
The adopted temperature sensor is tmp36. Its offset output voltage is 0.5V, its output 
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voltage scaling is 10mV/℃, and its output voltage at 25℃ is 750mV. Other detailed 
data is in reference [58]. 
The real-time temperature is calculated by equation 4.5 below. 
 𝑇 =  𝐷𝑎𝑡𝑎/1.945 –  50                                             (4.5) 
 
4.5 Radio Communication System 
 
The radio communication system is used to transmit data between data logger 1 and 
data logger 2. The radio transmission system is based on 2 LS-U1000 RF modules with 
RS232 interface. Either LS-U1000 RF module can be the transceiver or receiver 
without programming. The RS232-TTL interface boosts the digital signals in the TTL 
level (0 – 5V) from one data logger to RS232 level (±8.5V). LS-U1000 RF circuit 
modulates the boosted signal to electric current and sends it to transceiver antenna to 
be transformed into radio waves. The receiving antenna (conductor) then transforms 
the electromagnetic wave into electric wave (current). Then, the receiver (LS-U1000) 
transforms the current into digital signals, and send it to another data logger through 
RS232-TTL interface. The overall communication system is shown in figure 4.11. 
 
Figure 4.11 Overall Radio Communication System 
 
Since LS-U1000 communicates with other devices by using RS232 protocol, the 
RS232-TTL interface circuit is needed to boost the TTL-level (0 – 5V) signals from 
data logger up to RS232 level (±8.5V), or level down the RS232-level signals to TTL 
level for the data logger. Otherwise, the signal in the RS232 level may destroy the data 
logger. The detailed description of the RS232-TTL interface circuit is shown in section 
4.5.1 below. 
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4.5.1 RS232-TTL Interface 
The RS232-TTL interface is based on MAX232. It uses a capacitive voltage generator 
to supply RS232 voltage level [55]. It has two receivers and two transceivers. Each 
receiver levels down the RS232-level signals to TTL level and each driver boosts up 
the TTL- level signals to RS232 level. Other detailed data is shown in [55]. Since the 
interface circuits for transmitter and receiver are equally same, the only one-side 
interface circuit is shown in figure 4.12 below. 
 
Figure 4.12 Detailed RS232-TTL Interface 
 
As it is shown above, the output signal (TTL level) from pin 11 of one Arduino board 
are transmitted to the input of MAX232’s driver #1. The output signals from driver #1 
are then boosted up to RS232 level and sent to LS-U1000, which transforms the 
signal to electric current and send it to the antenna. The antenna transforms the 
electric wave into a radio wave, which is then received by receivers and transformed 
into TTL-level signals to the other Arduino logger. 
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4.6 Programs in Arduino Boards and Python Script 
4.6.1 Program of Arduino Boards (Data Loggers) 
Arduino boards collect the sensor data, calibrate it then send it to PC for further 
processing. Besides data logging, as it is shown in figure 4.1, data logger 2 needs to 
communicate with data logger 1 to get its collected sensor data. Synchronization is 
needed between data logger 1 and data logger 2, to get the accurate and real-time 
value of the solar radiation and temperature from data logger 1. 
The flow chart of the program of data logger 1 and data logger 2 is shown in figure 
4.13 and 4.14 below. 
 
Figure 4.13 Program Flow Chart of Data Logger 1 
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Figure 4.14 Program Flow Chart of Data Logger 2 
 
It can be seen from figure 4.14 that data logger 2 not only collects the PV system’s data 
(current and voltage) but also receive the weather data from data logger 1 through radio 
transmission. After setting up the serial and software serial port transmitting data to PC 
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and data logger 1 respectively, data logger 2 flushes the serial buffer to guarantee that 
the most recent data are sent to PC. After flushing the serial port connected with the PC, 
it checks the overflow of the software serial buffer, which guarantees that data logger 2 
receives the most recent data from logger 1. Then, logger 2 sends the start signal- ‘s’ to 
logger 1, and logger 1 begins collecting weather data. This process includes initializing 
variables, collecting and calibrating data. After sending the processed data to the PC, it 
waits for the data from data logger 1. Once the data from logger 1 are sensed, logger 2 
will send them to the PC and start the next loop after the 20s; otherwise, it will directly 
start the loop after 20s without sending weather data. 
Data logger 1 (as shown in figure 4.13) flushes its software serial buffer first once 
getting the start signal from logger 1. It then collects and processes weather data. After 
finally sending data to data logger 2, logger 1 will return to the beginning of its loop 
and wait for the next start signal. The program of data logger 1 and data logger 2 are 
shown in figure 4.15 and 4.16 respectively. 
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Figure 4.15 Program of Data Logger 1 
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Figure 4.16 Program of Data Logger 2 
 
4.6.2 Python Program on PC 
The python program receives and processes the data from logger 1 back to real-time 
measured data, then transmits them to Thingspeak server and a local hard drive. 
However, for long-time data transfer, the structure of the program should be 
strengthened to prevent the logging from being stopped by small errors. The program 
firstly initializes the serial communication with data logger 2, the URL transmission 
with Thingspeak server and the data storage on the local USB drive. Then, it checks the 
dataset from data logger 2 at the serial port. If it exists, the program decodes it to string 
from binary mode; otherwise, it loops back to dataset checking. If there is no error 
during decoding, the program extracts each data (solar radiation, temperature, battery’s 
current and voltage, and PV array’s current and voltage) from the dataset; otherwise, 
the dataset becomes empty, and the subsequent data will also be empty. The program 
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then checks the availability of each extracted data (no matter it is empty or not) and 
transforms unavailable data to empty data. Then, the data (whether it is empty or not) 
is transformed from string to float data, and processed to real-time values according to 
equation 4.2 to equation 4.5. Next, the program checks the availability of URL 
transmission, and posts the real-time data to Thingspeak server if the transmission is 
available, then transforms the data to the USB storage; otherwise the program only 
sleeps 5s before the next step, in which the program saves the sensed data and current 
time to a local USB driver. Then, another cycle of the program begins after sleeping 5s 
and flushing the serial buffer. The detailed flow chart of the program is shown in figure 
4.17 below.      
 
Figure 4.17 Flow Chart of Python Program 
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The detailed program is shown below. 
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Figure 4.18 Python Program on PC 
 
4.7 Data Visualization and Analysis 
4.7.1 Basic Settings on Thingspeak Server 
Thingspeak is an open online platform to collect, analysis and act on sensor data [57]. 
To fully visualize the collected data, six fields are set up. Field 1 is for battery voltage, 
field 2 for battery current, field 3 for PV voltage, field 4 for PV current, field 5 for solar 
radiation and field 6 for temperature. The message of connection failure is sent to a 
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tweet account to notify users when no data is sent to Thingspeak account (shown in 
figure 4.19). 
 
Figure 4.19 Connection Failure Message on Tweet Account 
 
4.7.2 Data Visualization 
The data is collected every 30s for 16 days. This proves that the overall system can 
achieve long-time robust data log and transfer. One day’s data on Thingspeak is shown 
in figure 4.20, 4.21 and 4.22 below. 
 
Figure 4.20 Voltage and Current of Battery in One Day  
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Figure 4.21 Voltage and Current of PV Array in One Day 
 
 
Figure 4.22 Temperature and Solar Radiation in One Day 
 
From the comparison between the solar radiation and current-voltage data of the system, 
it can be seen that the value of solar radiation is proportional to the values of input-
output voltage and current of MPPT. During the day time, the output voltage of MPPT 
(battery voltage) is lower than the input voltage of MPPT. There are two reasons for 
this phenomenon. The first is that the PV array’s output voltage at the maximum power 
point is always smaller when the voltage of the battery is low. The second reason is that 
MPPT’s DC/DC converter is open-circuit for the most time of each cycle due to the 
near fully charged battery. This results in the fact that MPPT’s output voltage is closer 
to battery voltage.  
 
From figure 4.22, it can be seen that the temperature is also proportional to solar 
radiation. Please notice that the solar radiation is not equal to the radiation received by 
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the PV array. That is caused by the shadow from the infrastructure near the light resistor 
(shown in figure 4.23). 
 
Figure 4.23 Project Obstruction 
 
All collected sensor data is shown in figure 4.24 below. 
 
Figure 4.24 All Sensor Data 
 
Figure 4.24 shows that the voltage and current of the battery and PV array and the 
temperature are proportional to solar radiation. The PV array begins to receive solar 
radiation and charge the battery around 6 am. every day. Simultaneously, the output 
Light Resistor 
 
Infrastructure 
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voltage of PV array resumes to 20V from 0V, and its output current begins to increase 
to a positive value. Due to one night’s discharge, the capacity of the battery drops. 
Moreover, MPPT starts its functions. During 5 am. to 8 am., MPPT’s output voltage 
(battery voltage) increases to track PV array’s maximum output power, so do the battery 
current and PV current. After this period, the battery is fully charged. The current and 
voltage of the system keep constant for the rest of the daytime. Around 8 pm. solar 
radiation declines to a certain value when the output voltage and current of the PV array 
begin to decline. At the same time, the power from the PV array is not enough to 
compensate for the self-discharge energy of the battery, so the voltage and current of 
the battery also decrease. During the night without solar radiation, the output voltage 
of the PV array becomes zero, so do the output current of the PV array and MPPT. The 
output voltage of MPPT is equal to the battery voltage during the same period since the 
blocking diode of the PV array and the power electronic device of MPPT block the 
electrical connection between the PV array and battery.  
 
Figure 4.24 and the temperature in figure 4.22 show that there are some interruptions 
in the temperature measurement of the last day. This is because the circuit to measure 
temperature does not have the function to eliminate these interruptions during 
measurement, which needs to be improved in future research. 
 
4.7.3 Data Analysis 
The battery is near fully charged all the time, and the measurement of solar radiation is 
frequently disturbed by the shadow of the infrastructure mentioned in section 4.6.2. 
Thus, it is not reliable to check the operation of the PV array based on the collected 
data. In this section, only the efficiency and daily energy supply of the MPPT are 
analyzed in MATLAB based on the collected data. The flow chart of data-analysis 
program in MATLAB is shown in figure 4.25 below. 
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Figure 4.25 Flow Chart of Data Analysis in MATLAB 
 
Figure 4.25 shows that the efficiency and output power of MPPT is initialized as 
1×44014 arrays. Each element of arrays results from the process of each loop. When 
there is no solar radiation, the output current, and input current of MPPT sometimes are 
less than zero due to battery discharge, and the MPPT stops functioning during this time. 
Thus, in each loop, if any current is less than zero, the efficiency is set to zero. Because 
of the measurement error of current and voltage, the efficiency is sometimes equal to 
or larger than 1. The value is then set to 0.98 which is the maximum efficiency of the 
MPPT. After efficiency calculation, the daily energy supply from the 1st to 15th day is 
calculated every 2880 loops, and the daily energy of the 16th day is calculated by 
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subtracting the supplied energy in previous 15 days from the total supplied energy after 
the loop. The detailed MATLAB program is pasted in figure 4.26, and the resulted 
output power and efficiency of the MPPT are shown in figure 4.27. 
 
Figure 4.26 MATLAB Program for Data Analysis 
 
 
Figure 4.27 Output Power and Efficiency of MPPT 
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Figure 4.27 shows that MPPT’s efficiency during the morning and evening is the largest 
during each day. After discharging for one night, the voltage and capacity of the battery 
are the lowest of the day. Because the solar radiation during this time is also low, to 
charge the battery quickly, MPPT operates in high efficiency to get maximum power 
from the PV array. Similarly, during the evening when solar radiation decreases to a 
very low level, MPPT operates in high efficiency to extract maximum power from the 
PV array to compensate for the self-discharge power of the battery. Since the solar 
radiation during the rest of daytime is higher, the MPPT operates in a relatively lower 
efficiency to limit the power output of the PV array preventing the battery from 
overcharging. 
The energy supplied to the battery in each day is shown in figure 4.28 below. 
 
Figure 4.28 Daily Supplied Energy 
 
Figure 4.28 shows that the energy supplied to the battery is very low on the 16th day. 
This is because the operation of the setup was stopped by the lab administrator in the 
middle of that day. Except for that, the supplied energy in rest days is very even due to 
the stable weather in these 16 days. 
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4.8 Conclusion 
 
This chapter presented the design of data logger, data storage and data visualization 
system, all circuit details, all logged data and fundamental data analysis. The designed 
system performed well during the best period of 16 days. Issues faced during data 
logging and design are also described in this chapter, such as the solar radiation block 
from nearby infrastructure, uncalibrated solar and temperature sensor circuits, 
unexpected interruption and so on. More detailed data analysis of the PV array’s 
operation will be presented after fixing these issues in future research. 
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Chapter 5  
Conclusion and Future Work 
 
5.1 Research Summary  
 
This thesis presented the design of a hybrid power system for a remote house in China, 
including system modeling and simulation. The households abundant wind and solar 
energy resources due to high altitude and flat terrain. To compensate the intermittent 
solar and wind energy, a DC-coupled solar-diesel hybrid power system is designed in 
Homer, which achieves high renewable penetration and eliminates a large amount of 
diesel consumption. The system can also fulfill its economic requirements, of which 
the payback time is 20 years. 
 
The dynamic model of the hybrid system is then built in Simulink to check the transient 
dynamics of the system. To increase the simulation speed, the simplified models [13] 
are adopted in the simulation model. The control system maintains the steady-state 
operation of the whole system under various disturbances. The simulation results show 
that the MPPT can achieve the maximum power of the PV array under various solar 
radiation, the diesel generator can be appropriately switched on and off according to 
the solar power, load and capacity of the battery storage, the soft starter of the diesel 
generator can prevent the fault of IGBT connection due to long-time operation, the 
charge controller and supervisory keep the battery storage from overcharging and 
overdischarging, the inverter can steadily converter DC to AC under system disturbance. 
All of these ensure a steady operation of the whole hybrid power system. 
 
PID+R+CCF decreases the waveform deformation of the inverter output, and the DC 
voltage regulator stabilizes the DC input voltage of the inverter. The regulator is a boost 
converter, which both boosts up and stabilizes the input voltage of the inverter. Due to 
the switching operation of the inverter, the dynamics of the converter becomes 
nonlinear and undetectable. A time-delayed controller, which belongs to robust control 
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methods, is therefore designed for the DC voltage regulator. According to the 
simulation results, the DC voltage regulator can achieve good performance under input 
voltage variations and load transitions, and the waveform of the inverter is very close 
to a standard sinewave.  
 
For system monitoring, a data logging system, which includes 2 data loggers and a web 
transfer on the PC, is built for an isolated PV system. The synchronized radio-frequency 
transmission between data loggers ensures the updated measurement for web transfer. 
The voltage levels between data loggers and radio frequency transmission are 
transferred by RS232-TTL interface circuits. By python program, the PC receives all 
sensor data and transfers them to thingspeak server. This enables system monitoring 
from anywhere connected to the Internet. An alarm message is set to be tweeted from 
the web server to the user for system maintenance when the data transfer is interrupted. 
This data logging system is robust and tested for 16 days without interruption, which 
can be prolonged if the lab manager did not shut it down. The data analysis on 
MATLAB also shows that the system kept steady operation during the test.  
      
5.2 Research Contribution 
 
• Designed a solar-diesel hybrid power system for a rural area in Qinghai 
Province of China. The designed system achieves reliability, high renewable 
penetration (> 60%) and suitable payback time (20 years). 
• Designed an MPPT with simplified incremental inductance control method, of 
which the program is more straightforward than the original method.  
• Designed a soft starter that can bypass the IGBT connection of the diesel 
generator between startups and shutdowns, which decreases the probability of 
the disconnection with the whole system. 
• Designed a DC input voltage regulator controlled by TDC for a single-phase 
inverter controlled by PID+R+CCF controller, which achieves stable DC input 
voltage and little output voltage distortion of the inverter. 
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• Designed a data logging system with synchronized radio communication which 
ensures most updated measurements sent to the PC.  
• Designed a robust data transfer from the data logging system to the web server. 
The uploaded data are downloaded and further analyzed on MATLAB. 
 
5.3 Future Work 
 
• Design a solar-wind-diesel hybrid power system for the selected location for 
higher renewable penetration. 
• Develop a time-delayed controller with its parameters adjusted by fuzzy logic 
control to achieve a broader load range of the DC voltage regulator. 
• Develop hardware for the regulator-inverter system to validate the performance 
of the designed control system (time-delayed controller for the regulator, 
PID+R+CCF for the inverter). 
• Include the function of data analysis in the python program and transfer the 
results to the web server for visualization. 
• Enable the load control of the isolated PV system from the Internet. 
 
5.4 List of Publications 
 
[1] Bojian Jiang, M. Tariq Iqbal, “Dynamic Modeling and Simulation of an Isolated 
Hybrid Power System in a Rural Area of China,” Journal of Solar Energy Volume 2018, 
doi: https://doi.org/10.1155/2018/5409069. 
[2] Bojian Jiang, M. Tariq Iqbal, “The Dynamic Modeling and Simulation of Hybrid 
Power System for a Remote Location in China,” The 26th Annual Newfoundland 
Electrical and Computer Engineering Conference, 2017. 
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